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Biology and Genetics) gebührt ein spezieller Dank für die zahllosen hilfreichen Diskussionen,
die Einblicke in die Welt der Proteinisolierung und die immer währende Bereitstellung des Pro-
teins BACE. Ein weiterer Dank gilt Dr. David Drechsel für die vielen Hinweise während der
Erstellung des Manuskripts (this leads us to consider ... ).
Im Leibniz-Institut für Polymerforschung gibt es hunderte hilfsbereite Menschen, die alle zu
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1 Introduction
Figure 1.1: From cells to model membranes: the concept to mimic biological cell membranes and
their constituents (membrane proteins, lipids) in planar membrane models for the
analysis of specific biological cell environments. Adapted from ref. [1] and [2].
Cell membranes, the boundary between the intra- and extracellular environments, constitute of
numerous lipids and proteins (peripheral membrane / transmembrane proteins (TMPs))(Figure
1.1). The consensus conceptual view of membrane architecture was introduced 30 years ago by
Singer and Nicolson [3]: the famous ’fluid mosaic membrane model’. The basic structure of cell
membranes was thought to be a highly homogeneous lipid bilayer with diluted protein species.
A more recent view is that cell membranes are much more complex and crowded, that lipid
bilayer membranes vary in thickness, local composition, and consist of many hundred different
lipid and protein species [1]. Within these compartmentalised membranes [4, 5] proteins and
lipids maintain a functional equilibrium during cellular responses to either internal or external
stimuli by forming complexes which dissolve and assemble in order to perform vital processes
for the survival of living matter [6].
Up to now the complexity of lipid-lipid, lipid-protein, and protein-protein interactions did
not allow an unambiguous membrane-protein analysis of a single specific protein in the context
of a cell. To study the behaviour of a single protein in detail numerous model systems have
been developed to mimic the properties of cell membranes. Black lipid membranes (BLM) [7],
giant unilamellar vesicles (GUV) [8], and supported lipid bilayer membranes (sLBM) [9] are
three examples of model membrane systems that have distinct advantages. BLM were the first
experimentally derived free standing model membranes, which are formed onto a small aperture
separating two aqueous chambers. However, BLM are very instable and not usable for more
than a few hours. GUV are further free-standing lipid bilayers and can be studied with a large
variety of fluorescent microscopy techniques [10]. GUV can be used to study the unrestricted
mobility of proteins as well as lipid-lipid, protein-lipid, and protein-protein interactions within
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a stable cell membrane model. One major disadvantage is the inapplicability of sophisticated
surface sensitive techniques for studying GUV. Such techniques require the formation of a planar
two-dimensional sLBM on a substrate surface [11, 12, 13]. A subtle balance of surface forces
and interactions is required to reconstitute a sLBM. It was shown early on that sLBM retain
the same structural, thermodynamic, and molecular dynamics behaviour analogous to free lipid
bilayer membranes [14]. The majority of studies on sLBMs are done on solid supports, such as
mica [15], silica [16], or titanium dioxide [17]. Solid supported model systems have been proposed
to provide promising applications in biotechnology and medicine for example in the screening of
drugs targeting specific membrane receptors, the design of smart biosensors on semiconductors
or electro-optical devices for cell monitoring and antibody screening, or the mimicking receptors
on cell surfaces in order to bind cells and form tissues [18].
A common problem in studying membranes is that many reactions between membrane recep-
tors and proteins require lateral motion and fluidity of the majority of the membrane machinery.
Thus, the development of sLBM must consider the full resemblance of the biological character-
istics. Cell membranes contain peripheral and integral membrane proteins. The introduction
of sophisticated approaches to reconstitute transmembrane proteins shall enable the stress-free
incorporation of sterically demanding membrane-spanning proteins with large hydrophilic ex-
tramembrane domains. These surfaces should enable the reconstitution of membrane receptors to
study the aspects of cell adhesion, differentiation, and cell locomotion [19]. Given the structural
constraints of some complex TMPs, non-specific interactions between extramembrane domains
and solid supports may cause severe problems regarding mobility, integrity, and activity [2, 12].
In order to address the above-mentioned challenges, there has been a lot of effort to engineer
alternative sLBM, for example lipopolymer tethered sLBM [20, 21, 22], or polymer cushioned
sLBM [23, 24, 25, 26]. A recent study examined the use of tethered sLBM on spherical beads
via biotin-streptavidin coupling [27] creating a distance of 9-12 nm between support and lipid
bilayer, but the resulting mobility of lipids inside the tethered membrane turned out to be rather
limited. The drawback of using tethered sLBM is the anchoring density of the lipopolymer
restricting the free lateral motion of a TMP. Polymer cushions were proposed to overcome this
disadvantage. A variety of polymer cushioned sLBM were introduced, using (i) thin layers of
cationic polyethyleneimine [23], (ii) polyethylene glycol cushions [24], (iii) ultra thin films of
cellulose [25], or (iv) thin pH-responsive hydrogels [26], but the thicknesses of the cushion layers
did not exceed 5 nm which obviously limits the effect on sterically demanding TMPs.
Although there is consensus about the importance of the physicochemical properties of the
support for the formation and quality of sLBM, systematic studies with gradually varied sub-
strate properties were still missing. In this work a versatile, spacious polymer cushion platform
is introduced that takes advantage of decoupling sLBM from solid supports. The cushions con-
sist of alternating maleic acid copolymers with varying physico-chemical behaviour adjusted by
the choice of the comonomer unit [28]. In the first part of the work the swelling behaviour and
kinetics of the polymer cushions will be analysed to understand the responses of the polymer
cushion at different environmental conditions (pH and ionic strength). In order to provide a suf-
ficiently compelling surface to allow the adsorption of lipid vesicles and the formation of sLBM
the surface characteristics of the underlying support have to be adjusted in a subtle balance
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between the environmental parameters and physical forces. It is believed that the process of
sLBM formation is characterised by the whole range of interaction forces: including van der
Waals, hydration, steric, and electrostatic double layer forces [29]. The impact of electrostatic
forces on the formation of sLBM will be shown in the second part. Therein a transient reduction
of the electrostatic repulsion between the polymer cushions and the lipid vesicles by lowering
the solution’s pH is utilised to reconstitute sLBM on the polymer cushions.
In the vast majority of the reported studies sLBM were prepared from synthetic lipids which
facilitate biophysical experiments to unravel fundamental characteristics of cell membranes, for
example lipid phase separation. In contrast, biological membranes do not contain two or three
but many hundreds of different lipids [30]. Thus, for studies concerning the activity of integrated
TMPs in sLBM, cell-derived multicomponent mixtures of lipids may represent a more conclusive
choice. The dependency of the lipid mobility of sLBM on the type of copolymer cushion will be
described in the third part of this work. Finally, the specific aim of this work is the conservation
and modulation of TMP functions in sLBM by the choice of adequate polymer cushions. In the
last part the TMP  -amyloid precursor protein cleaving enzyme (BACE) will be exemplarily
used to show that the introduced polymer cushioned sLBM preserve its mobility and activity
upon integration.
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2 Fundamentals
2.1 Lipids and Lipid Bilayer Membranes
Lipids are biological molecules responsible for the integrity and functionality of living organisms.
In combination with proteins lipids are the major component of cell membranes, forming the
boundary between intra- and extracellular space. In general, lipids can be defined as water
insoluble compounds. Lipids are mainly composed of a polar and a non-polar part which is
the main driving force enabling the self integrity of cell membranes by forming lipid bilayer
structures. The chemical structure of a lipid thereby determines its function in a cell membrane.
2.1.1 Lipids
The majority of lipids are fatty acids or esters of fatty acids, which can only be dissolved in
non-polar solvents (e.g. chloroform). The most trivial form of lipids are fatty acids (waxes); long
chain lipids, which can contain saturated or unsaturated bonds. Fatty acids represent the major
building block for more complex lipids. They are found in plants (leaf cuticula) or animals (skin)
[31]. Fatty acids represent a common source for energy storage in nutrition. Acylglycerides are
esters of glycerol and fatty acids. The glycerol backbone can be substituted by one/mono-,
two/di- or three/triacylglycerides fatty acid chains (see Figure 2.1)1. The chain length can vary,
but the most common substitutes in nature are C16 palmitic (hexadecanoic) acid, C18 stearic
(octadecanoic) acid and C20 arachidic (eicosanoic) acid. Acylglycerides (triacylglycerides) are
the main fat storage in animal tissues.
OH
OH
OH
CH3 – (CH2)x – COOH+
O
OH
OH
O
R
O
OH
O
R
O
R
O
O
O
R
O
R
O
OR
O
monoglyceride
diglyceride
triglyceride
Figure 2.1: Glycerol and long chained fatty acids form esters to build up acylglycerides.
1structural information is based on the nomenclature of lipids: http://www.chem.qmul.ac.uk/iupac/lipid
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Glycerolphospholipids (more commonly referred to as phospholipids) are the main components
of cell membranes in living organisms. Glycerophospholipids consist of a glycerol backbone,
acyl chains, phosphatidic acid and different polar headgroups (Figure 2.2). Their functions are
mainly linked to cell membranes: (i) they shape the intermolecular boundary between intra-
and extracellular environment, (ii) they are involved in cellular signaling and response, (iii) they
host peripheral and transmembrane proteins, (iv) they are involved in metabolic processes, such
as the synthesis of triacylglycerides [32]. The most common and widespread glycerophospho-
lipids in animals and plants are phosphatidylcholine (PC), phosphatidylserine (PS) and phos-
phatidylethanolamine (PE) (see also Figure 2.2). They exhibit different charge characteristics
which could be correlated to distinct physiological events, e.g. in a living cell PS mainly resides
in the inner leaflet of a cell membrane, while apoptosis leads to the exposure of PS towards the
extracellular space and permits the detection via linking the extinct cell’s serine headgroups to
specific receptors [30].
O
O R
O
O
P
R
O
O
-
O
O X
X=CH2-CH2-N
+
(CH3)3
X=CH2-CH(NH3
+
)COO
-
X=CH2-CH2-NH3
+
phosphatidylcholine (PC)
phosphatidylethanolamine (PE)
phosphatidylserine (PS)
Figure 2.2: Schematic representation of glycerolphospholipids and their most abundant represen-
tatives in biological cell membranes.
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A B C
Figure 2.3: Schematic representation of sphingosine based lipids: (A) sphingosine backbone, (B)
phosphosphingolipid, (C) glycosphingolipid.
Sphingolipids are another class of membrane lipids and structurally related to glycerophospho-
lipids. These lipids are based on a sphingosine –instead of glycerol– backbone (see Figure 2.3 A).
Representatives of sphingolipids are phosphosphingolipids and glycosphingolipids. Phosphosph-
ingolipids are composed of acyl chains at the acid amide bonds and a phosphocholine headgroup
(see Figure 2.3 B). The shown phosphosphingolipid is called sphingomyelin as it resides on the
myelin sheath of nervous tissue [33]. Glycosphingolipids (Figure 2.3 C) comprise sphingosine
based lipids, which contain sugars as polar headgroup (e.g. glucose, galactose). Cerebrosides,
consisting of a monosaccharide headgroup linked via 1-O-  glycosidic bond, are the most simple
examples for this class of lipids that are found in cerebral and nervous tissue (mostly galactose-
based), but also in parenchymatous organs (mostly glucose-based) [32]. More complex structures
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are found in gangliosides which are glycolipids composed of ceramide, a neutral oligosaccharide
of two to four sugar residues (glucose, galactose), and one or more sialic acids residues (conden-
sation products of mannoseamine and pyruvic acid).
Although sterols are main components of cell membranes they are not obviously counted to the
lipid family (for details see Figure 2.4). They are complex waxes and consist of a sterol backbone.
Cholesterol and its derivatives are major components of native cell lipid membranes. Moreover,
cholesterol represents the precursor for the synthesis of hormones (steroids and prostaglandins,
e.g. progesterone, cortisol, testosterone) and vitamins (vitamin A, D and E). Further biochemical
modifications like glycosylation can lead to glycosides as schematically shown in Figure 2.4 B.
A B
RCOO OO
OH
OH
OH
CH2RCOO
Figure 2.4: Schematic representation of cholesterol based lipids: (A) cholesterol ester, (B) gly-
coside.
2.1.2 Physical Properties of Lipids and Membranes – from Single Lipid Molecules
to Lipid Membrane Assemblies
The physical behaviour of lipids strongly depends on the amphiphilic characteristic and struc-
tural properties of a lipid molecule. From a very simplistic point of view a lipid molecule consists
of a polar/hydrophilic headgroup and an apolar/hydrophobic tail (see Figure 2.5). These molec-
ular building blocks lead to a distinct behaviour of self-assembly depending on the nature of the
solvent. In biological applications the main solvent is water, therefore the main driving forces for
self-assembly are attractive van der Waals forces, repulsive electrostatic double layer forces, at-
tractive or repulsive hydration forces and attractive or repulsive steric forces [29]. Above a certain
concentration lipid molecules are spontaneously aggregating from single molecules into micelles
to minimise unfavourable entropic interactions between the acyl chains and water molecules in
solution. The interactions between water molecules and the acyl chains are outcompeted by the
hydrophobic energy gain due to the matching of acyl chains. The ordered water structure around
the acyl chains is destroyed by the assembly of lipid tails into micelles, increasing the entropy
of the water molecules (see Figure 2.6). This self-assembly leads to an entropy gain, because
the self-organisation of the hydrophobic lipid parts is accompanied by a decrease of order of the
surrounding water molecules. The self-assembly represents an energetically favourable arrange-
ment of the hydrophilic and hydrophobic parts [34]. The concentration, where the association of
former isolated lipid molecules occurs, is called the critical micelle concentration (cmc). The cmc
of micelle-forming lipids (10−2 − 10−5 M) is much higher than the cmc of bilayer-forming lipids
(∼ 10−10 M). The biological implications of this discrepancy –biological membranes are mainly
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composed of two-acyl chain lipids– are for example the maintenance of stability in lipid depleted
environments and transport functions in small vesicles during endocytosis and exocytosis (see
below).
polar headgroup
hydrophobic tail
vertical arrangement chain penetrationtilted arrangement
Figure 2.5: Molecular arrangement of lipids in layers. Adapted from reference [31].
The self-assembly of lipids in an aqueous environment leads to a number of liquid-crystalline
structures which are shown in Figure 2.6. The most common forms are lipid vesicles, lipid bilayers
and inverted micelles. The lateral orientation and packing of lipid molecules are influenced by
the headgroup and chain stereochemistry of neighbouring molecules. The packing concept could
be derived based on simple geometrical considerations. While polar groups are water-attracting
(hydrophilic) and exhibited towards the solution interface, the water-repelling (hydrophobic)
tails assemble in a tail-to-tail arrangement. This structural assembly is known as a micelle, the
LI phase (Figure 2.6). Lipid micelles are only formed as long as the lipid tail consists of a single
acyl chain. In this configuration the dimensionless packing parameter S is smaller than 1/3 2,
which gives the assembled lipid monolayer a positive spontaneous curvature. The characteristics
of cone-shaped lipids result in lamellar (micellar) LI or hexagonal phases HI . Types of lipids
that are unable to form micellar structures include those commonly having two acyl (mostly
saturated) chains and thus a smaller lipid head group area compared to the hydrocarbon volume
(S ∼ 1). Such lipids have a cylindrical shape (e.g. PC, PS) and tend to form infinite planar
bilayers. To reduce energetically unfavourable edge effects infinite planar bilayers are found
to form closed spherical finite lipid vesicles [29]. The resulting phase behaviour of a bilayer is
of purely lamellar character Lα. Bilayers can be found either unilamellarly or multilamellarly.
In a multilamellar lipid bilayer lipid headgroups are arranged head-to-head inducing tensions
between the adjacent lipid layers. This can cause tilts in the former vertical set-up depending on
environmental or molecular cues. If a bilayer consists of bulky headgroups, the tails can penetrate
each other, and thus leading to a height decrease of the resulting bilayer (compare Figure 2.5)
[31]. There are few examples of lipids with a further increased ratio of volumetric chain to lipid
head group area (S > 1) that consist of polyunsaturated acyl chains and small head groups
(inverted cone-shaped lipids). Those lipids alone are considered to form larger vesicles or even
inverted micellar assemblies (inverted hexagonal phases HII) due to the negative spontaneous
intrinsic curvature (Figure 2.6) [35].
The distinct curvatures of lipids consequently produce different structures as outlined above.
The majority of the natural occurring lipids are unable to produce a planar bilayer by themselves,
2S represents the ratio v/a0lc with v the hydrocarbon volume, a0 the optimal head group area, and lc the critical
chain length.
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curvature C /
critical packing S
structure forms phase
C>0
S<1/3
C~0
C<0
S~1
S>1
packing shape
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L
HII
Figure 2.6: Geometric packing: the formed liquid crystalline structures and phases of lipids in-
teracting with aqueous environment in dependence of their critical packing S and
resulting curvature C. L indicates the lamellar (micellar), H the hexagonal phase.
The indices I and II represent the normal and inverted phase, respectively. Adapted
from reference [29].
except for PC and PS. Other membrane constituents (such as PE, cholesterol) only form planar
bilayers in the excessive presence of the latter. Such lipid components can provide spontaneous
curvatures in the cell membranes facilitating biological events such as vesicle budding, fusion,
fission and other structural shape transitions [36]. Spontaneous curvature and bending stiffness
are direct results of the lipid molecular structure. The deviation from the cylindrical shape
(S = 1) induces spontaneous curvature, as mentioned above. A lipid bilayer membrane composed
of different lipid species could never be considered flat. Undulations are always present in the
shape dependence on the spatial distribution of the present lipids. These shape differences and
the interactions between the hydrophilic and hydrophobic interfaces cause interfacial tensions
forced by the hydrophobic parts to minimise the contact with the aqueous phase which results
in a sensitive balance of the steric repulsions between the lipid headgroups and the entropic
repulsions of the acyl chains [37]. Those strains are sensitive to environmental factors such as
pH, temperature, ionic strength, etc. Also, the integration of transmembrane proteins can lead
to local changes in the lipid composition at the periphery of the inserted hydrophobic protein
domains. The lipid-protein interaction affects at the same time the protein conformation and
function.
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The careful adjustment of the physical and chemical parameters of the environment is essential
to control the function of integrated transmembrane proteins and the behaviour of bilayers. For
example, the thickness of a membrane is determined by the length and saturation of the lipid
acyl chains. The global and local chemical composition of a lipid bilayer strongly influences the
mechanical properties such as membrane bending (spontaneous curvature, bending stiffness) and
interfacial tensions (lateral pressure, line tension) [34].
As such the lateral partition and association of lipids – in combination with transmembrane
proteins – in defined domains depending on the chain length is believed to regulate cell signalling.
Lateral organisation of lipids depending on structural and/or molecular mechanisms results in
different phase separation such as liquid ordered, liquid disordered, and gel phases [38] (see
also Figure 2.7). These phenomena are called ’lipid rafts’ [39], but it is still under debate
whether the appearance in synthetic lipid bilayers proves their in-vivo existence [40, 41] as
they could not be determined by common biophysical techniques (size below the diffraction or
resolution limit). ’Lipid rafts’ are considered to be especially formed in lipid bilayers in the
presence of sphingolipids and cholesterol due to tight packing between those bilayer components
(common raft mixture: DOPC:SM:chol) [38]. ’Lipid rafts’ are such coexisting liquid-ordered and
liquid-disordered phases. They are rich in saturated and unsaturated lipids and form below a
defined miscibility transition temperature [6]. This temperature is normally defined as the lipid
chain melting temperature TM . This is the temperature whereupon lipid acyl chains undergo
miscibility transitions. Above TM lipid chains are disordered (liquid disordered phase), below
TM the lipids are in a gel like state (gel phase). TM depends on a number of parameters, such as
the chain length and the number of unsaturated bonds. An intermediate state was found which
is characterised by the immiscibility of different lipid bilayer compounds.
Note that the charge and the size of the lipid headgroup play extremely important roles in the
recognition of special molecules, the overall charge and the diffusion properties (fluidity) of the
lipid bilayer membrane. They are strongly interfering the microscopic as well as macroscopic
behaviour of a lipid bilayer membrane.
OH
OH
OH
OH
HOHOHOHO
gel phase
L
liquid disordered
L Ld
liquid ordered
Lo
T<TM T>TM
Figure 2.7: Phase behaviour of lipid bilayers below (gel phase, Lβ) and above (liquid disordered,
Lα, Ld) the lipid chain melting temperature TM . The liquid ordered phase Lo is
considered an intermediate state. Schematics adapted from references [40, 41].
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2.2 Membrane Model Systems – Solid Supported and Polymer
Supported Lipid Bilayer Membranes
All cells and their smaller inner compartments (e.g. golgi apparatus, E. R., mitochondria) are
surrounded by lipid bilayer membranes representing a boundary in particular between the intra-
and extracellular space or to transport metabolic products in the intercellular space. These
membranes are complex mixtures of lipids and proteins (peripheral, integral) [3] responsible for
biochemical recognition, ion transport processes, and protection. In general, the cell membrane
is a highly dynamic entity with a high level of lipid association, lipid phase transitions, and
information transfer between the inner and outer leaflets [42]. The complexity of the inter-
actions occurring in a natural biological membrane between lipids-lipids, proteins-lipids, and
proteins-proteins (e.g. between ligands, receptors and kinases) complicates the study of distinct
membrane constituents and their effect on life [43, 44]. Model systems have been introduced to
study the interactions in a much simpler context [2, 11]. Such model systems enable to unravel
the behaviour of distinct proteins apart from the complexity of a living cell model systems.
A B C
ED F
Figure 2.8: Model systems for lipid bilayers: (A) solid supported lipid bilayer membrane (e.g.
silicon dioxide surfaces), (B) free-spanning lipid bilayer membranes ([45])), (C-D)
adsorbed and supported lipid bilayer vesicles [46], (E) tethered lipid bilayer mem-
branes ([22, 47]), (F) polymer-cushion supported lipid bilayers ([25, 26]. Graphics
adapted from references [11, 15].
Those model systems involve the study on supported lipid bilayer membranes (sLBM) and giant
unilamellar vesicles (GUVs) [8]. The latter system is successful to mimic cell membranes, but
lack the ability to investigate the behaviour by many powerful surface sensitive techniques. The
formation of lipid membranes on solid supports [9] opened up a broad field of opportunities to
study sLBM with analytical tools such as quartz crystal microbalance [48], reflective interference
contrast microscopy [49], neutron scattering [50], surface plasmon resonance [51], total internal
reflectance microscopy [52], and impedance spectroscopy [53]. In the following paragraph model
systems are summarised that have been introduced over the last two decades to study the
interactions of sLBM. Schematic representations of the studied systems are given in Figure 2.8.
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Solid supported lipid bilayer membranes (Figure 2.8 A) are commonly reported to form stable
sLBM on hard surfaces [9, 14, 54]. Examples for solid surfaces include SiO2 [55], glass [56],
mica [57], alumina [45] and TiO2 [17]. The solid sLBM flows freely on a lubricating water film
of a thickness of about 10-20 Å and preserves a lipid fluidity somewhat slower than in natural
membranes [58]. The small thickness of the water layer also represents the main drawback of
solid sLBM for the study of integral membrane proteins with large extracellular or intracellular
domains. The orientation of the extra-/intra-cellular domains is determined by the experimental
conditions. The close contact of these protein domains with the ’hard’ solid substrate may lead
to an increase in coupled friction between the protein and the support [2] leading to a decrease
in lateral mobility or even preventing free diffusion of a TMP in the sLBM. Exposure of mem-
brane standing protein domains might further increase the risk of structural and conformational
changes or denaturation and thus strongly influencing the biochemical recognition of a TMP.
The application of free-spanning lipid bilayers (Figure 2.8 B) on porous supports can prevent
the denaturation of TMP, because the contact with a support is circumvented if for example ion
channels are integrated within a pore diameter [59]. Free-spanning LBM are commonly referred
to black lipid membranes. This approach further allows direct impedance measurements through
nanopores [45]. The disadvantage of black lipid membranes is their inherent instability (several
hours only) lowering their ability for long term use in biosensing devices and the application of
solvents during the preparation procedure.
Adsorbed and supported lipid bilayer vesicles (Figure 2.8 C-D) are straightforward alternatives
for the immobilisation and integration of TMPs into vesicles [46, 60]. Lipid vesicles containing
single-stranded DNA are coupled via complementary single-stranded DNA onto solid sLBM. As
such the lipid vesicles are maintaining their fluid mobility on top of the sLBM. This fact provides
the opportunity for example to fabricate drug screening devices with TMPs.
The most promising results to effectively increase the distance between the solid support and
the lipid bilayer membrane have been achieved by introducing tethered and polymer-cushioned
supported lipid bilayer membranes.
Tethered lipid bilayer membranes (tLBM) (Figure 2.8 E) are essentially lifting the sLBM from
the substrate and thus increasing the water layer thickness and reducing the interactions of
a lipid bilayer with the support [24, 47, 61]. Moreover, such sLBM can nearly behave like
a free standing LBM. Several concept have been described, for example the preparation of a
multifunctional amphiphilic copolymer spacer molecule [51] or sophisticated approaches using
archaea bacteria analogue thiolipids [20]. The structure of tLBM is determined by the grafting
density of the tether molecule which is chemically linked in a self assembly step via thiol- or silane-
chemistry onto Au and SiO2 surfaces, respectively. The most important step in the preparation
is the right balance between grafting density, chemistry, and length of the spacer molecule. The
final tLBM can then be accomplished by either vesicle fusion or Langmuir-Blodgett technique.
The disadvantage beyond all the beauty of this approach is that the free mobility and Brownian
motion of either lipids or integrated proteins can be strongly affected by the anchoring of several
lipids onto the substrate. Nevertheless, the electrical sealing (electrical nonconductive dense
LBM) properties of tLBM are excellent compared to solid sLBM. Hence, tLBM were therefore
used for electric impedance measurements of ion channels [21].
12
2.3 Kinetics of the Formation of Supported Lipid Bilayers (Model Membranes)
Concerning the latter constraints polymer-cushioned supported lipid bilayer membranes (Fig-
ure 2.8 F) have the free unbound characteristics of solid and free-standing sLBM. Further,
polymer supports have been introduced to provide soft, deformable layers, and to increase the
hydration thickness between support and sLBM to decrease the denaturation potential for inte-
grated TMP and to maintain the dynamic and structural integrity of bilayer membranes. They
should therefore exhibit excellent wetting properties to prevent the surface from dehydration
by carefully adjusting the wetting behaviour at the interface between the polymer support and
the membrane [12]. The cushion is further believed to act as a water reservoir and a biological
mimicry of the extracellular matrix or the intracellular cytoskeleton which should improve the
self-healing properties of local defects in the membrane [2]. Stable sLBM are only achieved if
the interactions between the membrane and the support are either weakly attractive or repulsive
to prevent the surface from dewetting due to direct membrane-surface contacts (pinning). The
ability to adjust and manipulate the physico-chemical properties and the architecture of a poly-
mer support to satisfy a variety of environmental conditions makes polymer-cushioned sLBM
versatile tools for the analysis of membrane-associated proteins.
Numerous studies on polymer sLBM have been published: Wong et al. [50, 62] studied
the formation and characteristics of sLBM on the poly-anion polyethylenimine. The layer had a
thickness of approximately 17 nm and have been prepared by physical adsorption of polyethylen-
imine. Goennenwein et al. [25] prepared cushion surfaces of hydrated ultrathin cellulose layers
covalently bound on glass substrates via silane chemistry (layer thickness ∼ 10 nm). Combined
approaches of polyethyleneglycol cushions with tethered lipid molecules have been successfully
introduced by Tamm et al. [24, 63], Demé and Marchal [64] and Merzlyakov et al. [61] (thickness
up to 15 nm). Polyacrylamide was suggested by Munro and Frank [65] for cushioning sLBM
but the resulting polymer layer showed a very rigid, solid-like behaviour. sLBM have been suc-
cessfully reconstituted on polyacrylamide brushes by Smith et al. [66]. Even stimuli-responsive
hydrogels have been proposed to act as cushion systems because the copolymer properties, the
underlying interfacial forces, and surface interactions could be properly adjusted and controlled
according to the required conditions [26] (cushion thickness depending on pH between 3-4 nm).
The list of proposed cushions is long and clearly suggests, that ’the’ ideal cushion to host TMP
is not yet found. On the other hand, such a universal polymer support might not be found.
One polymer system can hardly fulfill the criteria that the biological diversity requires to mimic
extracellular matrix environments in different cells and tissues.
2.3 Kinetics of the Formation of Supported Lipid Bilayers (Model
Membranes)
Over the last decades –since their introduction as membrane model systems [14]– supported lipid
bilayer membranes have been formed by lipid vesicle fusion [9] or by the Langmuir-Blodgett tech-
nique [14]. Both processes result in the formation of closely packed sLBM. However, there have
been problems to completely and homogeneously cover the surfaces without defects. In that
respect, sLBM formation by Langmuir-Blodgett is the more critical procedure as it includes
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the air exposure of the proximal phospholipid monolayer at the air-water interface which could
lead to membrane defects and delaminations [67]. Another even more elaborated approach used
to create sLBM is the deposition of a vertical Langmuir-Blodgett lipid monolayer subsequently
followed by the addition of a second lipid monolayer using horizontal Langmuir-Schäfer depo-
sition [50, 61]. This technique allows the deposition of complex membrane architectures by
simple defining different lipid compositions for the proximal and distal leaflet to probe e.g. the
effects of lipid asymmetry. The preparation by fusion of lipid vesicles is by far the easiest and
most convenient way to accomplish a sLBM. Two ways of preparation have been introduced: (i)
vesicle fusion to an already prepared Langmuir-Blodgett phospholipid monolayer (’monolayer
fusion technique’) [51, 54] and (ii) direct fusion of lipid vesicles [9]. Vesicle fusion allows the
coverage of flat as well as textured substrate surfaces [68]. To understand the events which take
place during the formation of a sLBM it is essential to study the kinetic behaviour and the first
onsets of sLBM formation. In their pioneering work on the physical origins Rädler et al. [58]
identified the phenomenology and kinetics of lipid vesicle spreading by direct lipid vesicle fusion
on hydrophilic surfaces. They found that on hydrophilic surfaces a thin lubricating water film
is formed between the support and the membrane. They further analysed the qualitative be-
haviour of rolling and sliding of lipid bilayers from GUV during sLBM formation using reflection
interference contrast microscopy.
The introduction of the Quartz Crystal Mircobalance with Dissipation Monitoring (QCM-D)
[69] as an analytical tool improved the understanding of the adsorption process of lipid vesicles
onto different surfaces and revealed important steps of bilayer formation from adsorbed vesicles
into sLBM [48]. QCM-D data in combination with complementary techniques (e.g. microscopy
[49], surface plasmon resonance [55], ellipsometry [70]) directly indicated that sLBM formation
is divided in the following subprocesses as earlier proposed by Rädler et al. [58] (also sketched
in Figure 2.9):
1. adsorption onset of intact vesicles onto the substrate surface,
2. accumulation of an increasing number of liposomes towards a necessary minimum of surface
coverage (critical surface coverage Θc),
3. fusion of neighbouring lipid vesicles, deformation, and rupture of vesicles leading to sLBM
formation.
With the availability of the QCM-D technique sLBM kinetic studies have been conducted on
the dependence of different environmental factors affecting the sLBM formation, such as lipid
vesicle concentration, pH, temperature, electrolyte concentration/buffer composition, presence
of divalent ions (such as Ca2+ and Mg2+), and vesicle size. A comprehensive study spanning
multiple aspects of influencing parameters was contributed by Reimhult et al. examining surface
chemistry [71], vesicle size [72], temperature [16] and osmotic pressure [71]. It revealed that
sLBM formation is facilitated by increasing the ambient temperature and the osmotic pressure
gradient between lipid vesicles and the surrounding solution [16]. The most important conclusion
from this work was the finding that the vesicle-surface interactions are predominantly governed
by van der Waals forces (attraction of lipid vesicles) and by the hydration shells due to the
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Figure 2.9: QCM-D data (frequency and dissipation changes vs. time) of formation of sLBM
from lipid vesicles on a hydrophilic SiO2 surface. The process is determined by (1)
lipid vesicle adsorption, (2) increase of lipid vesicle amount, and (3) the rupture and
fusion into a sLBM.
polarisability of substrate surface groups [16]. An optimum between those should exist to provide
an ideal balance of vesicle-surface and vesicle-vesicle interactions to allow the formation of sLBM.
In their work the authors concluded that silica surfaces exhibit a sufficiently thin hydration layer
along with an ideal force balance compared to competitive surfaces such as gold or titanium. A
lubricating water layer was earlier proposed on the substrate surface to be responsible not only
for forming sLBM but also for maintaining a high degree of lipid bilayer mobility [58].
Seantier et al. [73] published similar work, but extended the experiments on lipid compositions
(mixtures of different lipids), vesicle concentration, and the dependence on the pH and compo-
sition of the buffer solution. They investigated the influence of NaCl concentration and solution
pH on the adsorption of DMPC lipid vesicles on SiO2 and revealed that a certain concentration
of NaCl is necessary to obtain a critical coverage Θc to allow vesicle fusion [74]. In the absence
or at low concentrations of NaCl and at low pH values (pH < 7.4) they observed no critical
coverage of adsorbed lipid vesicles before bilayer formation. Instead instantaneous rupture of
lipid vesicles to bilayer formation and a rather slow kinetics was suggested on the basis of the ob-
tained results. Thus, the authors revealed a distinct sLBM formation behaviour compared to the
originally proposed mechanism by Keller and Kasemo [48]. Their data suggested a stabilisation
of lipid vesicles on SiO2 surfaces due to the screening of the electrostatic interactions between
vesicles and the surface. Hence, two pathways of sLBM formation can be proposed based on
the current knowledge: pathway 1 follows the classical mechanism by Keller and Kasemo [48] as
outlined above, pathway 2 is characterised by the instantaneous rupture of vesicles due to strong
vesicle-surface interactions (van der Waals and electrostatic interactions) enlarging the vesicle’s
contact area with the surface [55]. Related observation have been observed by other researchers
[75].
However, not only QCM-D has paved the way for a deeper understanding and characterisation
of sLBM formation. Other techniques including atomic force microscopy (AFM) [15, 57, 67, 75,
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76, 77], and fluorescence microscopy [56, 78] are versatile tools to image topographical features of
sLBM as well as the sLBM formation itself. Jass et al. [67] described in their work the formation
of sLBM from liposomes on hydrophilic and hydrophobic surfaces by the application of atomic
force microscopy. They confirmed pathway 1 and the subprocess of sLBM formation as once
started a smooth and continuous process (adhesion, liposome flattening, rupture and fusion
to sLBM). Reviakine and Brisson [76] found that fused lipid vesicles require a critical radius
Rrupture before they undergo rupture; below a radius of Rrupture ∼ 100 nm the adsorbed lipid
vesicles remained intact. In their pioneering theoretical work Seifert and Lipowsky [79] already
proposed a critical vesicle size which determines the free and bound state of a vesicle during
lipid vesicle adhesion. Hence, their theoretical considerations were confirmed experimentally
and revealed their striking consistency.
Using fluorescence microscopy measurements Boxer and coworkers [56, 78] contributed to the
understanding of sLBM formation and sLBM spreading on glass. Their work was especially
focused on new aspects on the influences of buffer’s pH and the ionic strength during sLBM
formation [56]. They found low pH and high ionic strength favourable for membrane fusion
of lipid vesicles with a negative net charge, while the fusion of zwitterionic lipid vesicles was
independent on either pH and ionic strength. Hence, electrostatic interactions and attractive
van der Waals forces were concluded to dominate the fusion process. Further evidence of the
early onsets of sLBM formation was given by fluorescence studies by Johnson et al. [78] due to the
adsorption of low surface concentrations of fluorescently labelled lipid vesicle. The subsequent
adsorption of unlabelled lipids and the following events of sLBM formation revealed the following
fusion pathways: (i) primary fusion, in which an unlabelled vesicle fuses with a labelled vesicle
on the surface, (ii) simultaneous fusion and rupture, in which a labelled vesicle on the surface
ruptures simultaneously upon fusion with an unlabelled vesicle, and (iii) isolated rupture, in
which a labelled vesicle spontaneously forms an isolated lipid bilayer upon contact on the surface.
Hamai et al. [80] extended these studies to gain deeper insights on the rupture process by the
use of giant unilamellar vesicles on glass. Their work on the effect of lipid curvature deepened
the mechanistical understanding in the way that regions of high curvatures induce instabilities
which lead to pore formation and subsequent rupture to form sLBM [81].
Another biologically important question arising during sLBM formation is the orientation
of the bilayer leaflets after deposition on a solid surface. Whether lipid vesicles preserve the
orientation of their leaflets remains elusive. In a study including transmembrane proteins the
authors identified the outer lipid monolayer of a sLBM as the outer monolayer of the former lipid
vesicles [82]. This fact is rather significant for the study of sLBM to mimic cell-cell interactions
in biological relevant environments as high concentrations of PS are triggering apoptosis and
their exposure to the cell surface should be avoided [30].
In summary, the most important outcome of the presented studies on the kinetics and phe-
nomenology of sLBM formation is that a sufficiently high number of lipid vesicles is needed to
cover the surface and enable the fusion between the vesicles to from a close sLBM. This could
be accomplished by either approaching the critical coverage  c or the critical radius Rrupture.
A subtle balance between the governing surface forces and the interactions between vesicle-
surface and vesicle-vesicle decides the faith of lipid vesicles to obtain a perfectly homogeneous
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and fluid lipid bilayer membrane. These interaction forces include intermolecular forces (van
der Waals, steric forces, electrostatics, hydration) [29, 83]. Many studies consistently demon-
strated the ability to adjust and influence the force balances by variations of environmental
paramaters. As such the presence of divalent Ca2+ in buffer solutions facilitated and accelerated
the process of sLBM formation [57, 67, 73, 74, 75, 76, 84]. On the other hand the substrate
morphology/topography and hydration properties (surface parameters) determine the fusion and
spreading process. Therefore, successful sLBM formation depends on the inheriting molecular
forces arising from the surface chemistry and topography [56, 85]. Taken together, the thorough
adjustment of all influencing parameters determines sLBM formation not only in terms of time
evolution but also in its efficiency.
2.4 Supported Lipid Bilayers on Polymer Supports for the
Integration of Transmembrane Proteins
sLBMs were intended to mimic artificial biomembrane model systems for the characterisation of
membrane associated proteins (membrane-spanning TMP, peripheral membrane proteins, etc.).
Membrane model systems have been summarised in section 2.2. On the basis of these approaches
membrane proteins have been extensively studied. Figure 2.10 A strengthens the arguments for
a thorough choice of the support depending on the protein’s dimension as already outlined
above. In particular, a solid sLBM with a membrane-spanning TMP represents a poor choice
because the lateral mobility of the integrated TMP will decrease or cease at all (Figure 2.10 A).
Consequently, solid sLBM should be predominantly used to study the behaviour of peripheral
membrane proteins or TMP with very small if any ectodomains [61].
Free-spanning membranes are very frequently used in measuring ion channel activity, because
of their obvious suitable architecture (Figure 2.10 B). An example is the integration and con-
ducting analysis of the outer membrane protein OmpF on porous alumina support [45]. Le
Pioufle et al. [86] reported on transmembrane ion current measurements on multiwell biochips
of alamethicin and gramicidin transmembrane ion channels. Other common examples for the
integration of TMP in tethered sLBM are the ion carriers gramicidin A and valinomycin [47, 87]
(for small ions such as K+ and Na+) (Figure 2.10 C). The introduced approaches (Figure 2.10 A-
C) inherit strong drawbacks concerning the overall lateral mobility of integrated transmembrane
proteins. As already explained above the contact of TMP with a solid support can reduce or
even cease the mobility (Figure 2.10 A). The use of pores in measurements of ion channel activity
does not consider the movement of TMP over macroscopic distances (> 1  m), shows reduced
long-term stability, and is thus more suitable to short-term studies on ion selectivity (Figure
2.10 B). According to their architecture, tLBM retain the mobility of TMP by the tethering of
lipopolymers to the surface (Figure 2.10 C).
An alternative approach is the application of polymer supports which should sustain TMP
mobility over macroscopic distances, reduce TMP precipitation, and do not interfere with lipid
bilayer mobility. Further, polymer cushions can be used to tune the chemical properties to mimic
the extracellular matrix environment to host TMP (Figure 2.10 D). Tamm and co-workers
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Figure 2.10: Integration of transmembrane proteins in supported planar lipid bilayer model sys-
tems: (A) direct protein-substrate contact on a solid supported membrane, (B) ion
channels in a supported lipid membrane on a porous substrate, (C) transmembrane
proteins in a tethered supported lipid bilayer membrane, (D) proteins integrated in
a supported lipid bilayer membrane on a hydrated cushion. Schemes based in parts
on ref. [2].
[24, 63, 88] have integrated a variety of transmembrane proteins (cytochrom b5, annexin V,
SNARE complex) into a polyethyleneglycol cushioned sLBM with varying success. Compared
to tLBM, their work is based on a tethered polymer cushion. Thus the results strongly relied
on the grafting density of the lipopolymer. Their results suggested the best diffusion behaviour
for a polymer grafting concentration just below the mushroom to brush transition. In a part of
their work the authors observed only 25% mobile fraction of the total protein amount [63]. In
one of their later work they found almost complete lateral mobility on the SNARE complex on
their polymer cushion [88].
A striking example of a ’real’ TMP was published by Gönnenwein et al. [25] with the incor-
poration of the  IIb3 integrin in a cellulose sLBM. The cellulose cushion provided a well suited
substrate with a mobile, adequately oriented receptor fraction of 25% and a long range diffusion
coefficient of about 0.6 m2 s−1. Purrucker et al. [89] studied the dependence of the diffusion
behaviour for the same tmp  IIb3 integrin on the tether concentration in a tLBM. They found
a strong dependence of the diffusion behaviour on the frictional coupling (decrease in mobility
due to increase in tether concentration). In comparison to the Gönnenwein approach [25] the
diffusion coefficient was approximately 6 times reduced.
In a recent study Merzlyakov et al. [61] critically revisited the role of PEG-cushioned sLBM.
No experimental evidence was observed for the hypothesis that this particular cushion increased
the lateral mobility of the incorporated transmembrane domain of FGFR3 compared to solid
sLBM. They concluded that the decrease in lateral mobility was not caused by specific protein-
cushion interactions. Not surprisingly, the method of bilayer deposition was rendered the most
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important parameter for lateral mobility.
2.5 Transmembrane Proteins
2.5.1 Introduction
(a) (b) (c) (d) (e)
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Figure 2.11: Classification of membrane associated proteins: (a) peripheral membrane protein,
(b) glycoprotein, (c-e) transmembrane spanning proteins with α-helices, and (f)
transmembrane β-barrel membrane protein, according to references [90, 91].
Cell membranes are composed of numerous different lipid species, cholesterol, and proteins
which can be understood as the working parts of the cell membrane [90]. Membrane associated
proteins can be generally divided into peripheral (proximal/distal) and integral/transmembrane
proteins as depicted in Figure 2.11. The topology of transmembrane proteins can be classified
into (c,d) simple transmembrane proteins with single membrane spanning domains, (e) more
complex transmembrane proteins with multiple transmembrane spanning  -helices, and (f) -
barrel membrane proteins (Figure 2.11) [92]. The vast majority of transmembrane protein
hydrophobic domains owns a defined orientation in the lipid bilayer membrane that is caused by
the restrictions of the hydrophobic/hydrophilic interface. As a consequence highly hydrophobic
protein domains are favourably inserted into the lipid bilayer hydrophobic core. However, the
detailed structure of transmembrane proteins –like crystallographic data– remains mostly elusive
because of the difficulties regarding the extraction from lipid bilayer membranes resulting in
structural and activity insufficiency [93].
Transmembrane proteins can be described as dissolved molecules in a complex anisotropic
lipidic solvent [3, 94]. Lipids and transmembrane proteins have evolved a functional coexistence
in the membrane environment to fulfill essential functions in the maintenance of cells [95]. There
are many interdependencies between lipids and transmembrane proteins: for example curvature
frustration of non-bilayer lipids can be reduced by the insertion of transmembrane proteins [92].
Further the lipid composition can significantly influence diverse functions of transmembrane
proteins, e.g. the lateral motion of transmembrane proteins, the protein association, the anti-
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genicity/molecular recognition, active transport mechanisms (transmembrane ion channels), the
activity of membrane bound enzymes and transport systems, or cytoskeleton-extracellular ma-
trix interactions (integrins). Many of these process are proposed to be influenced by lipid raft
formation and lipid phase separation [38, 39].
2.5.2 The  -Site Amyloid Cleaving Enzyme (BACE)
In the current work, the transmembrane protein BACE ( -site amyloid precursor protein-
cleaving-enzyme) is applied to prove the concept of polymer supported lipid bilayers in pre-
venting denaturation of intracellular domains and facilitating the mobility of transmembrane
protein species. BACE is considered one of the key players in the early onset of Alzheimer’s
Disease (AD). AD is a cerebral disorder caused by the deposition of amyloid plaques –from
an integral transmembrane protein called Amyloid Precursor Protein (APP)– in cerebral tissue
leading to cognitive impairment due to the loss/blocking of the information trafficking between
neuronal cells [96]. It is believed that the complex interplay of a special set of secretases deter-
mines the faith of either mild cognitive dysfunction or AD3. These secretases have been identified
as  -, - and -secretase [97]. Two pathways have been discovered: the cooperative cleavage of
APP by (i)  - and -secretase not causing fibrillar assembly (’healthy aging’), or alternatively
(ii) - and -secretase leading to amyloidosis (fibrillar peptide formation).
-secretase
APP
-secretase
-APP
A
Oligomers
Fibrils
Amyloid Plaques
AICD
nuclear signalling
Figure 2.12: Generation of Aβ from APP by the sequential proteolytic cleavage of β- and γ-
secretase, leading to the formation of oligomers, fibrils and the final association in
amyloid plaques. The APP intracellular domain (AICD) may be involved in nuclear
signalling. Graphic adapted from references [96, 98].
The -secretase was called BACE (MW ≈ 66 kD) [99, 100, 101]. The size of BACE is concluded
to extend 501 amino acids in total, 460 residues on the lumenal side, 17 amino acid residues as
the transmembrane domain, and a short cytosolic tail of 24 amino acids [97]. BACE consists of a
single transmembrane domain, a signal sequence and two aspartic acid residues in its ectodomain
which are required for the proteolytic activity [100]. The proteolytic cleavage of APP by -
(BACE) and -(presenilin complex) secretase is responsible for the progressive formation of a
32005-2006 Progressive Report on Alzheimer’s Disease, US Department of Health and Human Service
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4kD amyloid A -peptide (A ) that polymerises to oligomers in human brain tissue leading to the
subsequent amyloidosis of A  into fibrillar structures owing a  -pleated sheet conformation [98]
(for details see Figure 2.12). The cerebral deposition of fibrillar tangles a 4-kD amyloid   peptide
is one of the hallmarks of AD.  -secretase cleaves the remaining APP-fragment within the cellular
membrane which is afterwards released into the intracellular space (APP intracellular domain
(AICD)). This fragment becomes important for intracellular signalling and the disintegration
of microtubules causing the formation of neurofibrillar tangles, another common feature of AD
[96].
21
2 Fundamentals
22
3 Materials and Methods
3.1 Polymer Cushion Preparation
Maleic acid copolymer thin films were introduced to provide a versatile platform for bio- and
hemo-compatibility studies [28]. In the presented work three different copolymers were used for
the preparation of substrate surfaces, namely poly(octadecene-alt-maleic anhydride) (POMA),
poly(propene-alt-maleic anhydride) (PPMA) and poly(ethene-alt-maleic anhydride) (PEMA).
Structural information on the maleic acid copolymers is given in Figure 3.1. Covalent attachment
of the copolymers to a planar silicon dioxide substrate was achieved via aminosilane chemistry,
providing the chemical anchoring to the surface. A summary of important properties of the
copolymer films is presented in Table 3.1 [28]. The maleic anhydride moiety can be converted
into carboxylic acid groups by hydrolysis in aqueous solution (compare also Figure 3.1 B). This
conversion is reversible by annealing the surface at 120◦C for 2 h.
Table 3.1: Summary of physico-chemical properties of the copolymer thin films. 1determined by
ellipsometry in dry state, 2determined by AFM, 3determined by XPS after methion-
ine amide conversion, 4measurement of hydrolysed surfaces, 5electrokinetic measure-
ments.
PEMA PPMA POMA
molecular weight 125,000 6,000 50,000
thickness (± 0.5 nm)1 4.5 nm 3.5 nm 3.5 nm
RMS roughness2 0.8 nm 0.34 nm 0.32 nm
COOH group surface density3 1.2×1015 cm−2 7×1014 cm−2 6×1013 cm−2
water contact angle (± 3◦deg)4 26◦ 38◦ 100◦
isoelectric point (1mM KCl)5 1.9 1.9 3.2
Thin films of POMA (Polysciences Inc., Warrington, PA), PPMA (Leuna-Werke AG, Germany)
and PEMA (Aldrich, Munich, Germany) were produced by spin-coating (RC5, Suess Microtec,
Garching, Germany) with a concentration of 0.08%, 0.06%, and 0.03%, respectively, copoly-
mer solutions in tetrahydrofuran (Fluka, Deisenhofen, Germany), methylethylketone (Fluka),
THF/acetone (Acros Organics, Geel, Belgium) mixture with a ratio of 2:1, respectively, on
top of square glass coverslips (Corning B.V. Life Sciences, Netherlands). Prior to the poly-
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mer coating the coverslips were freshly oxidised in a mixture of aqueous solutions of ammonia
(Acros Organics, Geel, Belgium) and hydrogen peroxide (Merck, Darmstadt, Germany) (5:1:1).
Subsequently, the substrates were surface-modified with 3-aminopropyl-triethoxy-silane (ABCR,
Karlsruhe, Germany) prior to spin-coating of the copolymer solutions to allow a covalent fixation
of the thin copolymer films. Stable covalent binding of the polymer films to the glass carriers
was achieved by annealing at 120◦C for 2 h. For comparative studies pure silica glass surfaces
(Corning B.V. Life Sciences, Netherlands) were used, which have been chemically cleaned as
explained above.
For BACE-activity measurements polystyrene 96-well plates (Greiner Bio-One, Germany)
were modified to prepare polymer functionalised substrate surfaces. For this purpose the 96-well
plates were dried overnight in a vacuum oven and modified by ammonium-plasma for 300 s
at 400 W, a pulse frequency of 1000 Hz, a duty cycle of 5 %, an ammonia gas flow of 15
standard cubic centimetre per minute, and a pressure of 7×10−3 mbar. Immediately after plasma
modification the surfaces were immersed in solutions of hydrolysed 0.1 % PEMA (water), PPMA
(water), or POMA (isopropanol). The surfaces were dried at RT, followed by annealing at 90◦
Celsius for at least 48 h to achieve covalent of the copolymers to the amine groups of the plasma
modified PS plates. Subsequently the surfaces were rinsed extensively in water and placed in
water for 24 h to remove unbound polymer and gently dried under a stream of nitrogen. Prior
to the application the surfaces were hydrolysed in water for 24 h to convert maleic anhydride
bonds in maleic acid groups.
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Figure 3.1: (A) schematic representation of the maleic acid copolymer platform, covalently im-
mobilised on a silicon dioxide surface via an aminosilane functionality, (B) maleic
anhydride repeating unit and its hydrolysis in water and the reversible annealing at
120◦C for 2h, (C) repeating units of different copolymers.
3.2 Quartz Crystal Microbalance with Dissipation Monitoring
A Quartz Crystal Microbalance (QCM) is an analytical method which is based on the piezo-
electric effect of quartz material. This effect was discovered in 1880 by Jacques and Pierre Curie
[102] (see Figure 3.2). While mechanical stress induces a current in a piezo-electric material, the
technique relies on the reverse effect: mechanical oscillations are induced by an applied alternat-
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ing current (ac) field [103]. QCM with dissipation monitoring (QCM-D) allows measurements
in aqueous solutions by measuring frequency changes Δf and dissipation changes ΔD [69]. This
fact opened new perspectives for extensive adsorption studies of biomolecules (lipid vesicles,
DNA, proteins) in solution and their viscoelastic properties upon adsorption [48, 104, 105, 106].
In the present work two different QCM-D devices were used: QCM-D 300 and QSense E4
(QSense, Gotenborg, Sweden).
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Figure 3.2: (A) Schematic representation of a quartz crystal, (B) the induction of the piezoelec-
tric effect by the application of an external force, (C) reverse piezoelectric effect to
induce oscillations for QCM measurements; adapted from references [103, 107].
For kinetics studies of bilayer formation on silica and polymer coated crystals a QCM-D 300
was used. The crystals were coated with SiO2 by chemical vapour deposition (GeSiM mbH,
Germany). Further modifications of the silica crystals (e.g. polymer coating) and the cleaning
procedure were performed as stated in Section 3.1.
The crystal’s resonance frequency depends on the total oscillating mass. In resonance mass
and current are in simultaneous oscillation. Sauerbrey [108] found that frequency changes are
directly correlated to mass changes resulting in the famous equation:
Δf = − 2f
2
0
(A(μqρq)1/2)
Δm (3.1)
with f0 the quartz crystal’s resonance frequency, A the piezoelectric active area, μq the shear
modulus, and ρq the quartz crystal’s density. This dependence was derived based on the as-
sumption of thin, rigid, and solid films with the mass homogenously distributed over the crystal’s
surface (e.g. adsorption of metal ions under vacuum conditions) and under no-slip conditions
(perfect coupling of the added mass onto the quartz resonator). These correspond to a dissipation
change ΔD = 0. Considering the adsorption of biomolecules in liquid (aqueous) environments
the Sauerbrey equation does not hold any longer as the environmental conditions for an os-
cillating resonator in a liquid are strongly damped in the direction of its propagation due to
viscoelastic fractions interfering with the ideal behaviour displayed by equation 3.1. Therefore
a different physical approach has to be used to explain the adsorption behaviour and the cou-
pling of viscous material onto an oscillation crystal in liquid environments. For this purpose the
QCM-D technique was developed, which enables measurements under liquids. Kanazawa [109]
derived the theoretical basis for the oscillations of a crystal with one side totally immersed in a
Newtonian fluid extending equation 3.1:
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Δf = n1/2f3/20
√
ηlρl
πμqρq
(3.2)
with n the harmonic overtone number (3rd, 5th, 7th, ... ; number of half-wavelengths of the
thickness-shear waves in the crystal), ηl and ρl viscosity and density of the liquid. Complete
wetting of the surface allows the assumption of no-slip conditions, and thus a continuous prop-
agation of the shear wave [110]. In this setup the dissipation D (inverse of the quality factor
Q) characterises the ratio between all dissipated energies and the total stored energy of the
oscillating system due to viscoelastic damping. D can be written as:
D =
Edissipated
2πEstored
=
1
πfτ
=
1
Q
(3.3)
with Edissipated the total dissipated energy, Estored the system’s total stored energy. The
experimental parameter is the time constant τ of the dissipated (damped) oscillation with
ΔD ∼ τ−1 and can be derived by fitting the data to a simple exponential decay function
A(t) = A0e−t/τsin(2πft + φ). This parameter could describe the viscoelastic properties of the
adsorbed, attached or otherwise coupled species on the crystal surface representing the frictional
properties. For the case of a Newtonian liquid the dissipation change is defined by [111]:
ΔD = 2(f0/n)1/2
√
ηlρl
πμqρq
(3.4)
Nonetheless, Kanazawa derived its equation 3.4 for Newtonian fluids with no additional molecules
contributing to the quartz oscillation motion. For further adsorption of viscous material such
as biomolecules (e.g. proteins, DNA, lipid vesicles) the latter model assumptions are insufficient
and do not fulfill the apparent boundary conditions. In such a case the frequency and dissipation
changes become complex functions of the liquid and film properties which have led to extended
model concepts introduced by Voinova et al. [112, 113]. This model approach is based on
the Voigt-Kelvin model for viscoelastic solids and assumes uniform film thickness, uniform film
density, a Newtonian fluid, and no-slip conditions. The recording of Δf and ΔD at several
overtones fn of a defined resonance frequency f0 (fn are odd multiples of f0 with n = 3, 5,
7, 9, ...) allows the evaluation of the characteristic film parameters to fit the following model
equations [114]:
Δf ∼= 1
2πρqtq
tfρfω
(
1 +
2t2χ
3δ2(1 + χ2)
)
(3.5)
ΔD ∼= 2t
3ρff
3πf0ρqtq
1
δ2(1 + χ2)
(3.6)
tan δ =
1
χ
=
2πfηf
μf
(3.7)
δvoigt =
√
2ηf
ρff
(3.8)
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with t the thickness of the film (tf ) and quartz (tq), ρf the density of the film, χ the ratio
between film shear modulus (μf ) and the film viscosity (ηf ). δvoigt describes the penetration
depth of a propagating shear wave into the viscous film.
3.3 Dynamic Light Scattering
Dynamic Light Scattering (DLS) was used to measure the size distribution of lipid vesicle solu-
tions. It is based on the concept of measuring the velocity of small particles underlying Brownian
motion by an incident coherent light source (laser) [115]. Upon hitting a particle coherent laser
light is scattered (the so called Rayleigh scattering) assuming that the particle under observation
is smaller than the wavelength of the incident light source. Einstein’s theory of the molecular
movement of particles [116] described the particle movement depending on the particle diam-
eter and presumed that smaller particles move faster assuming constant temperatures. In a
DLS measurement the shift in frequency of the incident light wave is detected based on the
Doppler-Effect; the smaller the particle (higher velocity) the greater the frequency shift1. Time-
dependent fluctuations of the scattering are recorded and the intensities –being destructive or
constructive– of the signal are autocorrelated. The temporal analysis of the autocorrelation
gives a diffusion coefficient D, which in turn can be used to determine the hydrodynamic radius
Rh of the particles.
For monodisperse particles this is easily determined by applying a single-exponential decay
g(τ) = exp(−q2Dτ). With the knowledge of the viscosity η and D one can calculate Rh by using
the Stokes-Einstein equation D = kT6πηRh . In practice polydisperse particle distributions are very
common with distinct diffusion coefficients depending on the particle size. The autocorrelation
function is then derived by the superposition of a variety of exponential decay functions. Thus a
broader particle distribution is obtained compared to a very narrow distribution for monodisperse
particles.
The Zetasizer nano ZS (Malvern Instruments, UK) was used for the determination of lipid
vesicles diameters. Lipid solutions containing different mixtures were diluted in an appropriate
aqueous solution (HEPES, PBS, pH 4 saline solution) to approximately 1 mg/mL and measured
at room temperature.
3.4 Microscopy Techniques
In the current work various microscopy techniques were employed for the detection of fluo-
rescently labelled or non-labelled sLBM. The diffusion behaviour of sLBM was analysed by
Fluorescent Recovery After Photobleaching (FRAP) and Fluorescence Correlation Spectroscopy
(FCS) using confocal laser scanning microscopy (cLSM). In the following sections the above
mentioned techniques are explained with focus on sLBM characterisation.
Confocal Scanning Microscopy was invented by Marvin Minsky2. Figure 3.3 A shows the optical
pathway through a confocal microscope. The principle was based on the application of pinholes
1http://www.microtrac.com/dynamicscattering.cfm and http://www.viscotek.com/the-dls-basic.aspx
2Marvin Minsky, US-patent: US3,013,467, publication date: 1961-12-19.
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Figure 3.3: Principle of cLSM. (A) Optical pathway in a confocal microscope setup: monochro-
matic light (from a laser source) passes a pinhole aperture, is reflected by a dichro-
matic mirror and guided on the sample specimen. Light emitted by the samples
passes through the dichromatic mirror again. Light from out-of-focus plains is effec-
tively blocked, only light from the focal plain is detected through the pinhole detector
aperture. Schematic representation based on Minsky2. (B) Scanning unit for Laser
Scanning Microscopy measurements: By the movement of the scanning unit the in-
cident laser light is focused and scanned line by line over the sample in xy-direction.
The z-scans are accomplished by a z-motor movement of the sample species.
(to produce a point source of light) to reject all scattered light except that emanating from the
illuminated species. The incident light waves –as point sources– are focused by an objective on
the sample specimen, the reflected light beams are directed through a dichroic mirror and the
detector pinhole aperture. Light from out of focus areas is effectively blocked by the pinhole
aperture, whereas only light from the focal plain (in-focus emission) is able to pass the pinhole.
This method enables the reduction of the focal illumination and detection volume as the focal
point of illumination is the same as the focal point of detection. The advantage of confocal
microscopy is an increase in axial and lateral resolution. Compared to widefield fluorescence
microscopy the illumination of the samples strongly reduces the size of the point spread function
(PSF). The PSF is the light distribution around a circular aperture of a diffracted light spot
(termed airy disc). The radius of the airy disc determines the optical resolution and is defined
by rairy = 1.22λ2NA , with λ the wavelength of the incident laser beam and NA the numerical
aperture. The optical resolution along the axial direction is smaller than the lateral resolution
as the focusing occurs unidirectional (approximately 3.5 times). The image acquisition is carried
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out by a galvanometric scanning mirror that moves laterally line by line over the samples, the
z-direction can be adjusted by a z-motor replacement. Thus, cLSM can be employed to resolve
a biological object into confocal section plains for the three-dimensional reconstruction of the
observed specimen (xyz-scans).
3.4.1 Fluorescence Recovery After Photobleaching (FRAP)
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Figure 3.4: Fluorescence Recovery After Photobleaching (FRAP): a defined spot is photobleached
(t=0) by a short, highly intense laser illumination. The recovery kinetics of the
bleached spot is recorded (t → ∞). Bar size: 10 μm.Adapted from reference[117].
Fluorescence Recovery After Photobleaching (FRAP) technique was introduced by Axelrod et
al. [118] for the analysis of the two-dimensional lateral mobility of fluorescently labelled probes.
Fluorescently labelled molecules in a small area of a lateral mobile sample are irreversibly pho-
tobleached by a highly intense focused laser excitation (see also Figure 3.4). The kinetic of
fluorescence recovery of the photobleached region is recorded at low laser power, which results
from the transport of fluorophores from unbleached parts of the sample. The method is used to
determine the diffusion coefficients of labelled lipid molecules [119] or membrane/transmembrane
proteins in planar supported lipid bilayer membranes [25]. Since non-invasive fluorescence tag-
ging of biomolecules on the genetic level (e.g. green fluorescent protein (GFP)) became available,
the popularity of the FRAP technique increased to study protein mobility within living cells
[120]. The technique does not only provide information about the diffusion behaviour in terms
of diffusion coefficients or convection. The analysis further presents the opportunity to estimate
the mobile and immobile fractions of a given sample and thus to determine heterogeneities and
anomalies in the diffusion process for example due to phase separation behaviour or membrane
barriers in biological cell membranes.
As above mentioned two parameters can be derived from a FRAP analysis: (i) the charac-
teristic diffusion time τD (to determine the diffusion coefficient) and (ii) the mobile fraction of
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fluorescent molecules. FRAP data can be analysed by the following equation [121]:
I(t) = I(∞) − {I(∞) − I(0)} ×
{
1 − e−2π/t
[
J0
(
2τ
t
)
+ J1
(
2τ
t
)]}
(3.9)
with I(t) the fluorescence intensity at time t integrated over the size of the bleaching diameter.
J0 and J1 are Bessel functions of the 0th and 1st order. The mobile fraction (Rmobile) within
the photobleached area can be estimated from the ratio of the fluorescence intensity after full
recovery (I∞) with the fluorescence intensity before bleaching (Ipre) and the intensity exactly
after photobleaching (I0). The immobile fraction of a sample (Rimmobile) can be conclusively
determined.
Rmobile =
(
I∞ − I0
Ipre − I0
)
; Rimmobile = 1 −
(
I∞ − I0
Ipre − I0
)
(3.10)
Soumpasis [121] derived a simple approximation to determine the lateral diffusion coefficient
depending on the radius of the bleaching spot r
D =
r2
4τD
. (3.11)
FRAP experiments were conducted on a fluorescence confocal laser scanning microscope TCS
SP1 (Leica, Bensheim, Germany) by bleaching a defined spot with a high laser power beam,
resulting in a 7-10  m diameter bleaching spot (depending on the lipid mobility). The recovery
kinetics was recorded with a 40× objective (Leica, NA=1.25) at 128x128 pixels with a delay of
683 ms between each image.
3.4.2 Fluorescence Correlation Spectroscopy (FCS)
Another experimental approach enabling the detection of diffusion coefficients is Fluorescence
Correlation Spectroscopy (FCS). FCS is an experimental technique which was introduced to
determine the chemical kinetic constant of association/dissociation of molecules and diffusion
coefficients [122, 123]. The method is based on measuring the decay of spontaneous concentration
fluctuations in a diffraction limited spot as a function of time without disturbing the overall
thermodynamical equilibrium of the system under observation [122]. Thus, simply spoken the
number of a specific type of molecules (e.g. fluorescently labelled) is obtained within a defined
volume fraction depending on time (see Figure 3.5 A). The fluorescence fluctuations are detected
with a photodiode and converted into a current, i(t). The mean photocurrent i〈t〉 is independent
of time, and the photocurrent at a specific time point t can be derived by δt(i) = i(t) − i〈t〉.
The behaviour over time can be calculated by the autocorrelation function G(τ).
G(τ) = lim
T→∞
1
T
∫ T
0
δi(t) · δi(t + τ)dt (3.12)
G(τ) describes the time average of the product of a photocurrent at time point δi(t) with the
photocurrent at a later time point τ . If the fluctuations δi(t) are random, the correlation
between δi(t) and δi(t+ τ) gets smaller as τ becomes infinite. With increasing τ G(τ) decreases
to zero. Figure 3.5 B shows exemplarily the temporal fluorescence fluctuations and the resulting
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Figure 3.5: Fluorescence Correlation Spectroscopy. (A) Thermal fluctuations of fluorescently la-
belled molecules are detected within a focal volume. (B) The fluctuations are recorded
and the autocorrelation G(τ) between the recorded fluorescence signals (t+τ) is com-
puted for the determination of the characteristic diffusion time τD. Adapted from
reference [117].
autocorrelation function. To derive diffusion coefficients for a two-dimensional diffusion from
the autocorrelation function a laser beam with Gaussian intensity profile has to be assumed.
The autocorrelation function can be written [124]:
G(τ) =
G(0)
1 + ττD
(3.13)
τD =
w0
4D
(3.14)
with τD the characteristic diffusion time, w0 the radius of the laser beam and D the diffusion
coefficient. A complete theoretical and mathematical derivation can be found in Elson and
Magde [122]. It was early concluded that this technique could facilitate investigation of surface
phenomena, such as membrane dynamics in in vitro cell experiments [123]. Compared to FRAP,
FCS is less invasive and requires lower amounts of fluorescent molecules, thus allowing in vitro
studies by decreasing the perturbations for the experimental system.
FCS was performed at room temperature (25◦C) on a LSM 510 Meta (Zeiss, Jena, Germany).
The fibre output was coupled to a home-built FCS detection unit, consisting of an emission filter
and an achromatic doublet (Linos Photonics, Goettingen, Germany) to image the internal pin-
hole onto the optical fibre connected to an avalanche photodiode (APD) (PerkinElmer, Boston,
MA). Correlation curves were obtained with a hardware correlator (Correlator.com, Bridgewa-
ter, NJ). The excitation light of an argon laser at 488 nm was reflected by a dichroic mirror (HFT
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488) and focused onto the sample by a Zeiss C-Apochromat 40x, NA = 1.2 UV-VIS-IR water
immersion objective. The fluorescence signal was then recollected by the same objective and,
after passing through a 530/60 bandpass filter, measured by the APD. The confocal geometry
was ensured by a 70  m pinhole in front of the PMT. The optimal laser power, which produced
a good signal-to-noise ratio without any significant bleaching or saturation effect resulted to be
1.5  W. We used the z-scan method covering a range of 1  m around the membrane with steps
of 0.2  m. At each step, the signal was collected in 3 runs of 10 sec each and the autocorrelation
function G(τ) was calculated as described elsewhere [123].
3.5 Impedance Spectroscopy
Impedance Spectroscopy (IS) is a powerful technique to analyse the electrical properties of a
material and its interfaces with electronically conducting electrode surfaces [125]. It can be
used to evaluate the electrical resistance of an biological interface [47], to analyse electrical
properties of a material (conductivity, dielectric constants), or the dynamic of bound or mobile
charges in the bulk or interfacial planes (e.g. the ion flux through ion channel proteins [45]).
A simple IS experiment setup consists of two identical electrodes either facing one side of a
given sample. Further an electrical stimulus is applied to the electrodes and the responses
(current or voltage) are recorded. The electrical stimuli can be applied in various forms: (i) as
a step function of voltage (V (t) = V0 for t > 0, V (t) = 0 for t < 0) measuring the resulting
current i(t), (ii) as a signal v(t) composed of white noise, or (iii) the most common form of IS:
measurement of the impedance signal by the application of a single–frequency voltage or current
to the interface and the measurement of the resulting phase shift and amplitude. Therefore,
a signal v(t) = Vmsin(ωt) with v = ω/2π is induced and the resulting steady state current
i(t) = Imsin(ωt + θ) recorded, with ω the frequency, and θ the phase shift between voltage and
current. Impedance is a more general concept than resistance (ideal behaviour following Ohm’s
Law) because it also accounts for phase differences. Impedance is a complex entity and can be
plotted in the complex plane as shown in Figure 3.6 A. Thus, Z is expressed by Z(ω) = Z ′+ iZ ′′
with the real and imaginary part of Z.
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Figure 3.6: Representation of impedance data: (A) complex plane (Nyquist-plot), (B) impedance
and phase shift as a function of frequency (Bode-plot).
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A commercial instrumentation consisting of the impedance analyser SI1255B and the electro-
chemical interface SI1287 (Solartron Instruments, Farnborough, UK) was used to measure the
impedance as a function of frequency in the range from 1 mHz to 0.1 Mhz at a constant driv-
ing voltage v(ω) = 10 mV. The measurement was conducted in a home-built cell made of
poly(etheretherketone) homing the silicon dioxide substrate with an area of 20 × 10 mm2 with
cooper contacts (GeSiM mbH, Germany) on the backside. The effective measurement area is
defined by the size of the contact area above the interface (A = 0.196 cm2). The reference
(XR820 Ag/AgCl, Radiometer Analytical, Lyon, France) and the counter electrode (Platinum
type M231PT, Radiometer Analytical, Lyon, France) have been placed into the bulk electrolyte
above the measurement area to measure the resulting current. Data analysis was performed
with the ZView 2 software (Scribner Associates, Southern Pines, NC) according to a complex-
nonlinear-least-square fitting procedure [125]. The most common data representation plots are
the Nyquist- and the Bode-plot (compare Figure 3.6). The major drawback of using the Nyquist-
plot is the lack of frequency information.
The analysis of the experimental data (impedance and phase angle) includes the description of
electrical properties of the measured system. Therefore electrical circuit elements are modelled
to represent the data in equivalent circuits. Every circuit element represents a distinct frequency
depending property which could easily distinguish defined regimes within a data set. In the vast
majority of approaches ideal lumped circuit elements are used (capacitor, resistor, inductor).
The impedance of these elements are calculated by the following relationships ZR = R (resistor),
ZC = (jωC)−1 (capacitor), and ZL = jωL (inductor). Ideal behaviour only occurs with the
assumption of ideal properties including infinite size. Apart from the finite size and distribution
in space for real capacitors and resistors those ideal elements are a good approximation for
modelling experimental data. In some cases the physical interpretation is elusive and demand
the introduction of a non-ideal circuit element. This is represented by the so-called constant-
phase element (CPE), which arises from material heterogeneities. The impedance for a CPE
is calculated by ZCPE = K(jω)−α, with the boundaries of K = R and α = 0 for an ideal
resistance and K = C−1 and α = 1 for an ideal capacitance [125]. The deviation of α can be
attributed to material properties, and thus gives additional information of the quality of the
deposited material (e.g. sLBM). CPE strongly reduce fitting errors by introducing one more fit
parameter, consequently improving the data analysis.
For the analysis of sLBM on solid silica supports and polymer cushions a number of equivalent
circuits have been introduced to fulfill the fitting procedure. The equivalent circuits are shown
in Figure 3.7. Circuit A is used for fitting of totally immersed substrates (silicon dioxide wafer,
polymer cushion) in aqueous solutions. The serial resistance RS corresponds to the ohmic
behaviour of the electrolyte solution in higher frequency regimes, whereas the capacitance C
represents the sum of the oxide and the space charge region capacitance of the interface, and in
parallel the resistance R of the interface [126]. This equivalent circuit can be used to interpret
the impedance and phase shift data from Figure 3.6 B. A sLBM on a solid or polymer-cushioned
support can be expressed by circuit B (compare Figure 3.7) as a fully covered surface just adds
a membrane resistance RM and a capacitance CM [126].
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Figure 3.7: Equivalent circuits used to model the electrochemical impedance spectra: (A) elec-
trolyte on a solid substrate, (B) sLBM on a substrate (silica, polymer cushion).
3.6 Lipids
3.6.1 Natural Occurring Lipids
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Figure 3.8: Chemical structures of representative natural occurring glycerophospholipids and
cholesterol.
Basic features of lipids have been introduced in the 2nd chapter (compare section 2.1). In order to
mimic the composition of biological membranes the most abundant cell membrane components
have been chosen to reconstitute lipid vesicles for the formation of supported lipid bilayers.
Figure 3.8 displays the structures of the employed lipids.
The most abundant lipid is phosphatidylcholine (PC), which represents about 50% or more
of the total phospholipid amount in many animal and plant tissues, and is therefore the key
building block of membranes. Zwitterionic PC is predominantly located in the outer leaflet of
cell membranes. It is also the main lipid found in the circulatory system as one major compound
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of lipoproteins (HDL - high density lipoproteins). The acyl chain length and the degree of chain
saturation of natural lipids is not uniform and strongly depends on the origin of the lipids and
the location of the tissue/organ. The diacyl form of PC dominates with palmitoyl C16 and
oleoyl C18 chains. However, asymmetric distributions of lipid acyl chains are common features
of naturally occurring PC. Even eicosatetraenoic (arachidonic) C20 and docosahexaenoic C22
acyl chains are encountered as possible side chains.
Phosphatidylethanolamine (PE) is also a zwitterionic lipid and represents the second most
abundant phospholipid component of cell membranes in animals and plants. In comparison to
PC, PE consists of higher fractions of arachidonic C20 and docosahexaenoic C22.
Phosphatidylserine (PS) represents only 10-20% of the total phospholipid content and is com-
monly found in the cell membrane and the E.R.. PS is a negatively charged phospholipid with
three ionizable groups, namely the phosphatic acid, amino and carboxylic acid group. PS is
exclusively located in the inner leaflet of the cell membrane. Due to the loss of trans-bilayer
asymmetry PS becomes exposed on the cell surface and thus acts as a surface receptor for the
recognition of specific molecules. This is a sign of cell injury and leads to platelet activation or
the recognition of phagocytes causing apoptosis [34].
The physical properties of PC and PE differ regarding the ability to spontaneously form lipid
bilayers: PE has a more inverted conical shape (smaller headgroup than tail width), whereas
PC is mainly cylindrical. Hence, PE molecules alone would form an inverted hexagonal phase.
In contrast, PC consists of three methyl groups in the head group, and the cylindrical shape
favours the formation of bilayers (compare also Figure 2.6). The geometry of lipids determines
the ability to spontaneously create lipid bilayer membranes [81]. Thus, the presence of different
curvatures (positive and negative) is required in many biological events, such as budding, vesicle
formation or fusion [36, 127].
Cholesterol (chol) is not obviously a lipid, but it is accounted a major component of cellular
membranes, typically representing 30-40% of the total cellular membrane. The main function
in cell membranes is stabilisation and structural organisation. The presence of cholesterol is
thought to influence the fluidity and phase behaviour [38, 41].
The naturally derived lipids PC (from egg yolk, P3556), PE (from soybean, P8193), PS (from
soybean, P0474), and cholesterol (C8667) have been purchased from Sigma Aldrich, and repre-
sent a mixture of different chain length and acyl chain saturations. Considering natural variances
in the occurrences of lipids the application of lipid vesicles for the formation of supported lipid
bilayers comprises the danger of ill-defined outcomes. To overcome possible side effects and
emerging problems accompanied by unknown mixtures of natural lipids (for example phase sep-
aration), defined synthetic lipid mixtures have been used as well, as will be described in the
following section.
3.6.2 Synthetic Lipids
As already mentioned above in section 3.6.1 synthetic lipids have the advantage of defined
chain lengths, which reduces the risk of possible phase separation and the decrease in fluidity
of a sLBM by the application of a single component lipid. To address basic question on the
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Figure 3.9: Chemical structures of the synthetic lipids DOPC and DOTAP.
distribution and the characteristics of lipids in sLBM the advantages of synthetic lipids and
their mixtures were utilised to obtain well-defined sLBM for fluorescence and electrochemical
impedance spectroscopy analysis. All lipids were purchased from Avanti Polar Lipids (Alabama,
USA).
The positively charged lipid 1,2-Dioleoyl-3-Trimethylammonium-Propane (DOTAP, 890890C)
was used as a model system for cationic lipid. The zwitterionic lipid 1,2-Dioleoyl- sn - Glycero-
3-Phosphatidylcholine (DOPC, 850375P) is a mimic/derivative of the most abundant natural
lipid PC, but defined in its chain length and the degree of chain saturation. DOPC and DOTAP
consist of C18 acyl chains and contain one unsaturated bond on each chain. The chemical
structures of the aforementioned lipids are shown in Figure 3.9. All lipids have been used
without further purification.
3.6.3 Fluorescent Labelled Lipids
Fluorescently labelled lipids have been used for the determination of the diffusion behaviour
in sLBM. Labelled lipids are only added in very low concentrations so as not to alter the
physical properties of the sLBM. The presence of a lipid dye at high levels can seriously dis-
turb the functional equilibrium and strongly influence the diffusion behaviour of the unlabelled
lipids. Depending on the method different labels have been used. 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (NBD–PE, 810144P) and Sulforho-
damine 101 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine (TR–PE, T1195) were pur-
chased from Avanti Polar Lipids (Alabama, USA) and have been applied in FRAP studies.
The dye cholesteryl 4,4-difluoro- 5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-dodecanoate (
cholesteryl BODIPY FL C12) and 1,1’-Dioctadecyl-3,3,3’,3’-tetramethylindodicarbocyanine per-
chlorate (DiD-C18, DiD) were purchased from Molecular Probes (Eugene, OR, USA) and used
without further purification. The latter two fluorescent probes have been exclusively used in
FCS studies.
3.6.4 Lipid Vesicle Preparation
Lipid vesicles containing Egg L-α-Phosphatidylcholine (PC), L-α-Phosphatidylserine (PS), L-
α-Phosphatidylethanolamine (PE), Cholesterol (chol) and NBD-PE were prepared by mixing
36
3.7 sLBM Formation on Glass and Polymer Supports
the dried lipid in chloroform (5:2:1:2:0.1, respectively), evaporating the solvent with Argon gas
and additionally under vacuum for 4 h, and hydrating in the appropriate buffer solution, either
pH 4 saline solution (140 mM NaCl, 5 mM CaCl2, adjusted to pH 4 with 0.1 M HCl) or HEPES
buffer (pH 7.2, 10 mM HEPES, 140 mM NaCl, 10 mM Na(CH3COO) 3 H2O, 5 mM CaCl2).
All chemicals were purchased from Sigma Aldrich (Munich, Germany) and used without further
purification. For FCS measurements 0.002 molar-% bodipy-chol and 0.05 % DiD were added
as fluorescent probes to the lipid mixture. The mixtures were extruded (Mini Extruder, Avanti
Polar Lipids, Alabama, USA) at least 31 times through 50 nm diameter pores in a polycarbonate
membrane (Whatman Ltd., UK) following the procedure of Hope et al. [128]. Lipid mixtures of
PC:PE:PS with or without chol have been used to test the influence of chol on the uptake and
activity of BACE. Lipid vesicles of pure DOPC and lipid mixtures of DOPC:DOTAP (ratios
90:10 and 50:50) have been prepared as mentioned above.
3.7 sLBM Formation on Glass and Polymer Supports
Lipid vesicle solutions were incubated over hydrolysed polymer substrates. Prior to the applica-
tion of lipid vesicle solutions the dry polymer surfaces were hydrolysed by adding MilliQ water
for at least 24 h to achieve complete conversion of the of maleic anhydride functionalities into
maleic acid groups thus increasing the hydrophilicity and the charge of the surfaces.
For comparative studies silica surfaces have been used. Prior to the direct application of
lipid vesicle solution, silica surfaces were treated in an oxygen plasma chamber (Harrick Plasma,
Ithaca, USA) for two minutes at high power in order to freshly oxidize the surface. On top of
the prepared coverslips (Corning B.V. Life Sciences, Netherlands), home-built glass cylinders
were glued (NuSil, California, USA) in order to apply smaller volumes of lipid vesicle solutions
(∼ 300  L). For FCS studies circular coverslips (Menzel, Germany) have been used.
3.8   APP Cleaving Enzyme (BACE) - Expression
In this section the preparation and the analysis of BACE preparations are described. BACE is
one of the hallmarks of AD as introduced in section 2.5.
3.8.1 Expression in Human and Insect Cells
Expression Constructs
The gene for human BACE-1A was inserted into the baculovirus shuttle vector, pFastBacPSTAP.
This construct (see Figure 3.10) directs the expression of full length BACE-1A protein fused at
the C-terminus via a cleavable link, a 3C protease site, to the Tandem Affinity Purification tag
[129]. The same BACE-1A fusion construct was inserted into the mammalian cell vector pCMV1
to generate pCMV1 BACE-3C-TAP for over-expression after transient transfection into HEK 293
suspension cells (Figure 3.10). The gene for human Cdc42 was sub-cloned into the baculovirus
shuttle vector pFastBacM10 to make pFastBAcM10 Cdc42 (Figure 3.10) for over-expression of
the native protein from baculovirus infected SF+ insect cell cultures.
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Figure 3.10: Maps of expression constructs for production of TAP-tagged BACE and native
Cdc42 protein via baculovirus mediated expression in insect cells (pFastBac) or
transient transfection in mammalian cells.
BACE-1 Production and Purification
Recombinant baculovirus encoding BACE-3C-TAP was amplified after transfection of recombi-
nant bacmid, prepared from pFastBac BACE-3C-TAP, into SF+ insect cells. BACE-3C-TAP
was then purified (Figure 3.11A) from baculovirus infected suspension cultures of SF+ cells
based on the protocol described in Kalvodova et al. [130]. Briefly, washed cell membranes were
detergent extracted with 1% TritonX-100 (50mM HEPES, 150mM NaCl, 1% Triton X-100, 5%
Glycerol, protease inhibitors with E64, pH 7.25) and supernatants, clarified by ultracentrifu-
gation (45 min at 180,000 x g), were bound via the TAP tag to affinity resin (IgG-Sepharose,
GE Healthcare). After washing to remove non-specifically bound proteins, BACE protein was
eluted by on-column cleavage with the HRV 3C protease. Preparations were active when stored
at 4◦C for at least 12 weeks.
BACE was further prepared after transfection of pCMV1-BACE-3C-TAP into suspension
cultures of human embryonic kidney (HEK 293) cells. Active BACE protein was isolated in good
yield but with a higher molecular weight, likely due to altered glycosylation due to expression
in mammalian cells (Figure 3.11B).
3.8.2 Selection of Detergents and Protease Cleavage Site
In order to test the effects on reconstitution into sLBMs, we prepared BACE with storage
buffers containing different levels and composition of detergents. The detergent present in the
final BACE preparation was varied by changing the buffer prior to HRV 3C protease elution
while the TAP-tagged BACE protein remained bound to the IgG resin. It was found that BACE
remained active in 0.5% octyl-glucoside and that the level of TritonX-100 could be lowered ten
fold from 0.5 to 0.05% final. In order to isolate BACE-tagged with the calmodulin binding
domain (BACE-CBD), the protease used for on-column cleavage was switched from HRV 3C to
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A B
C
Figure 3.11: (A) Purification of BACE from baculovirus infected SF+ insect cells. Sample across
the purification were analyzed on 4-12% SDS-PAGE gels stained wtih Coomassie
Brilliant Blue. BACE (lanes F and G,*) was eluted from the IgG-Sepharose affinity
resin by on-column cleavage with HRV 3C protease (‡). BACE over-expressed in
insect and human cell lines. (B) Samples were resolved on a 4-12% SDS-PAGE
gel and stained with Coomassie Brilliant Blue. Protein produced in human (B)
compared to insect cells (C) migrates at a higher molecular weight likely due to
increased glycosylation. (C) BACE in Proteoliposomes. Samples of proteoliposomes
(lanes 1-3) run on SDS-PAGE and silver stained to determine the level of protein
incorporated compared to controls (lanes 4-7).
TEV protease. Active BACE-CBD could be isolated in good yield after TEV protease cleavage
and could be detected using antibodies directed against the CBD tag.
3.8.3 BACE Activity Assay
The protease activity of BACE was measured using a sensitive FRET3-based fluorescence assay
in a 96 well format where cleavage of the FS-1 substrate analog (Bachem, M-2470),which mimics
the cleavage site of the swedish APP, is monitored at 355 nm over time following the protocol
of Ermolieff et al. [131]. In short, 20-400 ng BACE are commonly used per well. The FS-1
substrate was diluted in DMSO and 1  L of a 1 mg mL−1 was sufficient to saturate about
200 ng of BACE. Either BACE in solution or BACE immobilised in sLBM is monitored in
100 mM sodium acetate buffer (pH 4.5) at 37◦ Celsius. The cleavage reaction and the resulting
fluorescence was monitored with a 96-well plate reader (Tecan, Switzerland) using an excitation
3Fluorescence Resonance Energy Transfer. The quencher fluorophor pair is Dabcyl-Edans for the FS-1 substrate.
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Figure 3.12: Comparison of the activity of purified BACE, BACE in proteoliposomes, and
ALEXA 647 labelled BACE. Kinetics of substrate cleavage monitored by fluores-
cence at 485nm. Rate of substrate cleavage is 0.036/min for 200ng of a BACE
standard and 0.015/min for 100ng of BACE reconstituted into proteoliposomes.
Fluorescently labelled BACE protein remains active. Activity of BACE prior to and
after labelling with Alexa 647 dye. Rate of substrate cleavage is 0.075/min prior to
and 0.065/min after labelling.
filter at  excitation = 355 nm and an emission filter at  emission = 485 nm for 1 h. The activity
was determined from the linear region of the activity graph, which is followed for at least 60 min
in 20 s steps.
3.8.4 Reconstitution into Proteoliposomes
BACE was reconstituted into proteoliposomes (Figure 3.11 C) according to the method estab-
lished by Lévy et al. [132]. Briefly, protein preparations were added to TritonX-100 ’softened’
unilamellar liposomes (100 nm diameter) with various compositions of lipids. After incorpo-
ration of BACE into the lipid bilayers, detergent was removed by incubation with SM2 beads
(BioRad). BACE was efficiently incorporated into proteoliposomes and retained good activity
after insertion into the lipid bilayer (Figure 3.12).
3.8.5 Preparation of Fluorescently Labelled BACE for Fluorescence Studies
In order to follow incorporation into sLBMs, BACE was fluorescently labelled with Alexa Fluor
488 (Molecular Probes A30005) and Alexa Fluor 647 (Molecular Probes A20006). BACE prepa-
rations with a labelling ratio of 1.5:1 Alexa:BACE retained nearly full enzymatic activity (Figure
3.12).
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4.1 Polymer Swelling
4.1.1 Swelling Kinetics Observed by QCM-D
The characterisation of the polymer supports was essential for the understanding of the un-
derlying interactions and coupling mechanisms between sLBM and the polymer supports. In
particular, the kinetics of swelling, the swelling behaviour under different solvent conditions, and
the thickness of the polymer substrates were subject to a thorough analysis.
The swelling kinetics was investigated by QCM-D measurements from the anhydride, non-
hydrolysed state of the maleic anhydride copolymers POMA, PPMA, and PEMA in pH 7.4
PBS. Typical swelling kinetics of the copolymer films are represented in Figure 4.1 A indicating
decreasing frequency and increasing dissipation changes in the order POMA, PPMA, and PEMA.
The corresponding thickness L is displayed in Figure 4.1 B. PPMA and PEMA showed compa-
rable qualitative swelling behaviour, which only varied in terms of thickness and time evolution.
In contrast, POMA exhibited almost no swelling in physiological PBS. This effect was further
supported by the observed dissipation curve, which equaled Δ D = 0 suggesting no structural
changes during the swelling process. On the other hand, PPMA and PEMA revealed significant
changes (Δ D 	 0) from the dried to the fully swollen state of the copolymer films. This was
not surprising as POMA consists of octadecence monomer units, which are not water-soluble,
whereas both the ethene and the propene monomer units of PEMA and PPMA, respectively are
at least weakly water-soluble. The swelling data for the latter polymer films further suggested
the formation of open dissolved polymer chains during the hydration procedure.
According to existing theoretical models [133] these data can be explained in terms of three
characteristic time regimes (details are given Figure 4.2): (i) a fast swelling obeying linear
relationships (L ∼ t) at short time scales, (ii) a long-term swelling with the thickness scaling
with L ∼ √ln(t), and (iii) an intermediate swelling predicted with L ∼ t1/5 [133]. The proposed
theory assumes free polymer chains in solution and mushroom regime for short and long term
behaviour. In contrast to this theory, at intermediate time scales the polymer films did not
follow the proposed scaling law. The accelerated swelling can be interpreted as a result of the
chemical conversion of the maleic anhydride functionalities into carboxylic acid moieties. The
hydrolysis resulted in an increase in the charge density of the polymer chains accompanied by
an increasing electrostatic repulsion and faster swelling.
Associated with the turning point of the swelling kinetics at intermediate time scales a char-
acteristic time constant tc for the hydrolysis was derived from the first derivative of the swelling
kinetics. The first derivative of the swelling kinetics for the copolymer films were plotted in
Figure 4.3 A. tc is given in Table 4.1. tc decreased with decreasing size of the comonomer units
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Figure 4.1: (A) Swelling kinetics of copolymer films in PBS (pH 7.4) of POMA, PPMA, and
PEMA –frequency and dissipation raw data from QCM-D measurements. (B) Re-
sulting modelled thickness from QCM-D graphs.
which corresponded to earlier observations on the reactivity of the presented copolymers [134].
This difference originated from the additional methyl group and therefore the lower solubility
in aqueous solution. No substantial swelling was observed for the hydrophobic POMA surface.
Consequently, no tc could be determined.
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Figure 4.2: Swelling kinetics of the copolymer films POMA, PPMA, and PEMA at pH 7.4 mea-
sured by QCM-D and the different scaling regimes for short-term (∼ t), intermediate
∼ t1/5 and long-term behaviour (∼ √ln(t)).
XPS-measurements were conducted to test the hypothesis whether there was a chemical reaction
leading to the deviation from model predictions precisely at tc. The conversion of the anhydride
bonds was measured with methionine amide hydrochloride which covalently binds to anhydride
moieties. The elemental composition was analysed after 3 min (PEMA), 24 min (PPMA),
70 min (POMA)1 and 24 h compared to the dried anhydride state of the polymer surfaces after
1Due to the lack of information about extensive swelling tc = 70 min was assumed to achieve early onsets of
hydrolysis for thin POMA copolymer films.
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Figure 4.3: (A) First derivatives from the swelling kinetics and the resulting characteristic time
constants tc. (B) Anhydride concentration measured by XPS-analysis at distinct time
points to unravel the impact of hydrolysis on the swelling behaviour.
thin film preparation. By the progressive conversion of anhydride to carboxylic acid groups
in aqueous environment, the binding capability of methionine amide hydrochloride decreased
which is shown in Figure 4.3 B and Table 4.1. After 24 h a complete conversion was observed
within the detection limit for all copolymer surfaces. At the time point tc a distinct decrease
was detected leaving an appropriate anhydride concentration on the surfaces. Calculating the
ratio of the anhydride concentration between 0 min and tc amounted in an almost constant
value of ctc/c0 ≈ 0.4 in good agreement with an exponential decay function for the hydrolysis
c = c0 exp(−t/tc) with 1/e ≈ 0.37. Such a decay is expected for a first order reaction kinetic
dc/dt = k. These values are further proof to the notion that smaller comonomer units show a
higher anhydride density.
Table 4.1: Summary of physico-chemical properties of the copolymer thin films. Thickness from
AFM and QCM-D data after swelling in PBS at pH 7.4. The characteristic time
constant is derived from the second derivative of the swelling kinetics (d
2L
dt2
= 0).
Anhydride concentrations from XPS-measurements at different time points.
Thickness [nm] tc [min]1 Anhydr. Conc. [× 1015 cm−2]
Copolymer AFM QCM-D 0 min tc 24 h
POMA 4 ± 1.3 3.5 ± 1.6 70 0.09 0.02 0
PPMA 25 ± 6 18 ± 6 24 0.7 0.2 0
PEMA 81 ± 12 62 ± 17 3 2.3 0.76 0
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4.1.2 pH-responsive Polymer Swelling Behaviour
For further characterisation the thickness of the fully swollen polymer chains was measured by
AFM deflection-separation curves at pH 7.4 and pH 3. According to the pH of the solution,
the polymer films are expected to behave under good- or bad-solvent conditions described by
predictions from polymer theory [135, 136]. It was shown that for a polymer film at good-solvent
conditions the average distance D between occupied grafting sites is defined by D = (A/f)1/2
where A is the area of a single polymer chain and f the molar fraction [63]. The upper limit of
extension/thickness L equals RF (the Flory radius) for a polymer of N repeating units of length
a which is given by L ≡ RF = a×N3/5 (at good-solvent conditions). At bad-solvent conditions
L is expected to scale with L ∝ N1/3. The swelling of polymer films can be described by either
’polymer brush’ or ’mushroom conformation’. These structural considerations are reflecting the
occupied area per single polymer chain. With D > RF the polymers are in a mushroom regime.
With D < RF the grafting density becomes dense, the so-called ’brush’ regime. The thickness
of the polymer film L in the ’brush’ regime can be calculated by L = a × N(a/D)2/3 [24, 63].
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Figure 4.4: Thickness of swollen copolymer films as a function of the number of anhydride and
comonomer units.
The thickness of the swollen copolymer films was plotted vs. the number of repeating units
of anhydride and comonomer (Figure 4.4). At pH 7.4 the thickness for the combined data
(Figure 4.4, closed symbols) of PPMA and PEMA scales with N3/5 (solid line), with N the
number of repeating units per polymer chain. This behaviour corresponds with the scaling
law predicted for the swelling behaviour of polymer chains in good-solvent conditions (RF =
a×N3/5). Apparently, the scaling law L = a×N(a/D)2/3 did not apply to these data suggesting
that the polymer chains do not assume a polymer brush configuration. Thus, the polymer
swelling behaviour of PPMA and PEMA at pH 7.4 can only be described by the ’mushroom
regime’ for polymer chains in good-solvent conditions. In a good solvent, solvent-comonomer
contacts are favoured, while at bad solvent conditions the polymer chains are partially collapsed
depending on the grafting density σ. The observed behaviour implied a low grafting density of
polymer chains to the substrate surface. Individual chains seemed to occupy only one or at most
a very few coupling points. Consequently, their behaviour could be correlated to free polymer
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chains in solution.
The electrokinetic characterisation of maleic acid copolymers grafted to surfaces by Osaki
and Werner [137] revealed two pKa values of the primary and secondary carboxylic acid group
at pKa1 ≈ 3.0 and pKa2 ≈ 7, illustrated in Figure 4.5. The degree of ionisation will strongly
influence the polymer chain behaviour because the balance between the repulsive electrostatic in-
teractions of the charged acidic groups is determined by the number of charged groups. Following
Osaki’s observations, the solution’s pH was varied to pH 3.0 and the thickness was determined
as described above. The obtained thickness data was plotted vs. the number of repeating units
(Figure 4.4, open symbols). A slight, but substantial deviation from the thickness of a fully
hydrated polymer film was observed. The polymer layers were fitted to L ∝ N1/3 (dashed line)
corresponding to the behaviour of free-bulk polymers at bad-solvent conditions. This switch-
ing might be understood as a change from good-solvent to bad-solvent conditions as explained
above. Due to the change in ionisation caused by the partial protonation of the maleic acid
groups the repulsive electrostatic force decreased leading to a collapse of polymer chains for
PPMA. A small shrinkage was observed for PEMA layers suggesting only minor conformational
changes2. However, these data still suggested analogous behaviour of PEMA and PPMA because
the chemical structure differs only marginally by the additional CH3-group in the comonomer
unit. The shrinkage of both polymers clearly demonstrated the sensitive balance of polar and
hydrophobic interactions depending on the state of ionisation.
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Figure 4.5: Two-step dissociation behaviour of maleic acid groups depending on solution pH[137].
The degree of ionization is significantly affected by the change of pH. Electrokinetic
measurements revealed two dissociation steps at pKa1 ≈ 3.0 and pKa2 ≈ 7. In the
inset the half- and full-dissociated state of the maleic acid moiety is sketched.
Another interesting question concerned the competition of polymer chains for grafting points
and the influences of σ on the final structure and thickness of the polymer support. To address
this question the concentration of the spin-coating solution was diluted to increase the number
of grafting points for a single polymer chain. Low solution concentrations should allow a higher
probability for spreading of adsorbed individual polymer chains on the surface because more
2The observed behaviour may not be enough to describe bad-solvent condition, but no additional information
was obtained for PEMA layers as no alternative molecular weights have been available for analysis.
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Figure 4.6: Thickness of swollen PEMA films at pH 7.4 as a function of the solution concen-
tration during spin-coating as determined by AFM and QCM-D. The thickness from
QCM-D data was fitted to the viscoelastic Voigt-Voinova model. The solid lines
represent exponential fits describing the swelling behaviour by a critical solution con-
centration and RF of the polymer chains according to equation 4.1.
space would assumably be available. The results of the thickness analysis are illustrated in Figure
4.6 and Table 4.2 taken at pH 7.4 support this assumption. Note the lower thickness values from
QCM-D measurements3 indicating the limitations of both techniques. Neither AFM nor QCM-
D was able to precisely predict and determine the exact behaviour of polymer chains grafted
to substrate surfaces. A clear dependence of the thickness on the solution concentration was
observed: diluting the solution concentration resulted in a thickness decrease of the polymer film
(compare also Table 4.2). Obviously, the grafting points per polymer chain were increased due to
the availability of free space during adsorption. This caused a decrease of the maximum extension
of the polymer chains upon swelling. The observed non-linearity with a weaker dependence for
more diluted solutions could be explained by the fact that the copolymer chains were not able
to spread indefinitely. Hence, the area covered by one chain –and, thus, the number of grafting
points per chain– could not increase in proportion to the dilution. These data fit to a simple
exponential function,
L = L0 exp
(
c
c0
)
(4.1)
describing the AFM thickness data with L0 = 40 nm and c0 = 0.13 %. Interestingly, the length
scale L0 = 40 nm correlated well with the size of the free copolymer chain in the spin-coating
solution, which was expected to be 2 × RF in a good solvent. This fact was further supported
by AFM measurements on dried PEMA films as shown in Figure 4.7. A globular structure for
each polymer chain was determined with a mean diameter of ≈ 40 nm 4. The height image
3For comparison the data was fitted to either the viscoelastic Voigt-Voinova model or the Sauerbrey equation
resulting in significant deviations caused by the strong damping of the oscillation due to viscoelastic behaviour
of the attached soft polymer cushions.
4The mean size of the particles was estimated by counting the number of particles per area which gives approx-
imately 800  m−2.
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revealed a globular shape for the dried polymer chains with a typical diameter of 40 nm (white
circle) (Figure 4.7 A). The corresponding phase image (Figure 4.7 B) indicated a dense surface
coverage due to the more homogenous intensity level. Within this image of similar intensities the
mean particle size was determined, which was not possible in the height image, because of the
larger height differences of the different particles. Furthermore, the concentration c0 was very
close to the limiting concentration for complete covalent grafting of the spin-coated films. This
was determined in earlier experiments [28]. Above this concentration the number of polymer
chains attached to the amino-functionalized surface with a permanent covalent bond could not
be further increased. This resulted in the maximum layer thickness at c ≈ c0.
Figure 4.7: AFM height (A) and phase (B) image of dried PEMA films demonstrating the glob-
ular chain structure after drying with a typical diameter of 40 nm (example given in
white circle). Bar size: 100 nm.
Table 4.2: Thickness of copolymer films PPMA and PEMA: dependence on Molecular Weight
and spincoating concentration.
Copolymer MW Repeating units Conc. Thickness [nm] at pH 7.4
N AFM QCMV oigt QCMSauerbrey
PPMA 6,000 43 0.06% 18 ± 6 9 ± 3 7 ± 1
39,000 279 0.1% 46 ± 12 42 ± 8 19 ± 2
PEMA 125,000 992 0.03% 51 ± 8 19 ± 5 3 ± 1
0.05% 58 ± 11 18 ± 6 10 ± 3
0.1% 81 ± 12 62 ± 17 19 ± 8
0.15% 130 ± 23 83 ± 35 23 ± 6
0.3% n.d. 170 ± 27 32 ± 4
4.1.3 Effect of Ionic Strength on Polymer Swelling Behaviour
In certain biological environments to universally apply the polymer cushions, for example as a
biosensor device, occasionally different ionic strengths are required to universally understand the
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enzyme’s behaviour. One might think about to analyse the activity of enzymes –integrated in a
sLBM or directly on a surface– at varying pH values or ionic strengths5. QCM-D measurements
on swollen PPMA and PEMA polymer films were performed to unravel the influence of buffer
and ionic strength on the swelling behaviour. Therefore the solution was further modified to
test the swelling degree of the polymer films in dependence of the ionic strength. Considering
the effect of charges on the polymer chains the decrease of counterions in solution increases
the electrostatic repulsion between charged polymer chains (affecting the entropy balance of the
polymer chains). Infinitely small concentrations of ions cions → 0 may consequently lead to the
maximum extension of the polymer chains6.
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Figure 4.8: QCM-D measurements on (A) 0.06% PPMA and (B) 0.1% PEMA films depending
on pH and ionic strength. The conditions have been varied in the following order:
1 swelling in PBS pH 7.4, 2 pH 4 saline solution, 3 HEPES buffer pH 7.2, 4 10×
diluted HEPES, 5 100× diluted HEPES and 6 1, 000× diluted HEPES. After buffer
change the solution was exchanged in HEPES (solution 3) prior each diluted buffer
step.
This hypothesis was confirmed by QCM-D observations. The effects of ionic strength variations
are exemplarily demonstrated on hydrolysed PPMA and PEMA thin films (Figure 4.8). The
corresponding thickness values are listed in Table 4.3. The data showed minor changes in
thickness occurring while changing from PBS pH 7.4 to pH 4 saline solution. This was in
excellent agreement with the AFM data as already discussed (Figure 4.4). Both buffer solutions
closely resembled the same ion concentration and ionic strength. Hence, as mentioned above the
change in thickness was only caused by the partial protonation of the carboxylic acid groups.
Even more evidence was given while changing to HEPES pH 7.2, the resulting thicknesses did
not significantly differ from PBS and pH 4 data. Diluting HEPES buffer led to sudden significant
5The optimum activity of BACE was detected in pH 4.5 sodium acetate buffer [131]. While the sLBM have been
prepared in pH 4 or pH 7.4 the buffer solution was exchanged afterwards.
6The maximum contour length Lmax of a polymer chain can be calculated by assuming a distance of 1.54 Å and a
tetrahedral bond angle of θ = 68◦ between C–C bonds [138]. With the number of repeating units N (compare
Table 4.2) one can calculate with simple geometrical considerations Lmax = N × a× cos(θ/2) 22 nm, 142 nm,
and 506 nm for PPMA 6,000, PPMA 39,000 and PEMA, respectively, assuming no sterical hindrances [139].
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Table 4.3: Thickness variations of copolymer films PPMA and PEMA in dependence of pH and
ionic strength of the solution. For the study of the influence of ionic strength HEPES
buffer was diluted 10× (HEPES 10×), 100× (HEPES 10×), and 1, 000× (HEPES
1, 000×).
Thickness [nm]
Polymer film PBS pH 4 HEPES HEPES 10× HEPES 100× HEPES 1, 000×
PPMA 0.06% 9 7 9 12 14 14
PEMA 0.03% 12 8 6 8 14 14
PEMA 0.1% 34 28 28 36 40 40
PEMA 0.3% 170 137 150 175 212 225
thickness increases. The thickness data suggested that for concentrations below c0 ≈ 0.13% a
maximum thickness extension of the polymer chains was achieved by diluting HEPES 100×
consistent with the size of free PEMA in solution L0 = 40 nm (determined by fitting thickness
data, compare also Figure 4.6 and Table 4.3). The thickness variations of these concentrations
pointed to low grafting densities σ of the polymer chains on the surface with a thickness increase
of about 10-15%. In contrast, above c0 (c = 0.3%) an extensive increase in thickness was
determined averaging approximately 25%. At this concentration a high σ can be assumed
indicating only one or very few grafting points for the adsorbed polymer chains. Such a grafting
density of polymer chains can be closely characterised as ’polymer brushes’.
4.1.4 Analysis of Surface Roughness by Atomic Force Microscopy
Surface roughness is believed to strongly interfere with the deposition and quality of sLBM on
substrate surfaces. Inherent surface heterogeneities can cause problems during the adsorption
and fusion of lipid vesicles into sLBM. Likewise, the diffusion behaviour of lipids in sLBM
strongly relies on the surface roughness [140]. AFM measurements were accomplished to analyse
the surface roughness of fully hydrated polymer supports at pH 4 as this pH was chosen for the
formation of sLBM (see Section 4.2.3). The images were either taken with low or high force
applied to the cantilever in contact mode.
The rms7-roughness showed small, similar values for the different polymer interfaces (Figure
4.9). No substantial differences were determined. While imaging low-force measurements pro-
duced higher rms-roughness values probably caused by stronger attractive interactions of the
cantilever tip with the polymer interface (Figure 4.9). The application of higher forces led to
a stronger compression of the highly swollen polymer blobs causing lower overall roughnesses.
Apparently, the surfaces were smooth and homogeneous in macroscopic dimensions (X-range
1 − 10  m) in striking contrast to the dried film topography where the polymer layer showed
7root-mean-squared
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circular polymer blobs with a diameter of 40 nm. Note, that the average rms-roughness of
standard microscopic glass slides was determined between 0.3 − 3 nm [140, 141, 142] showing
differences in one order of magnitude (manufacturer specification < 1 nm (Menzel, Corning)).
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Figure 4.9: rms-roughness of hydrolysed polymer thin films as determined by AFM.
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Figure 4.10: (A) Polymer surface exhibiting incomplete wetting and the resulting height profile
indicating polymer accumulation along the spin-coating direction. (B) Fluorescence
images of a PEMA surface containing a sLBM on top. Surface heterogeneities
leading to uncoupling of membrane parts after rinsing are indicated by arrows. Black
frames indicate the magnification of images in the lower panel.
However, the polymer substrates were not always detected perfectly homogeneous. An example
of a spot where the surface was probably only partially wetted during the spin-coating procedure
is illustrated in Figure 4.10 A. In comparison to the rather smooth and homogeneous surfaces
mentioned above the polymer was deposited heterogeneously over the sample. The height of
such polymer blobs (40-60 nm) is fairly consistent with the thickness data determined by AFM
and QCM-D measurements. One has to bear in mind that such defects can severely interfere
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subsequent surface modifications, e.g. the deposition of sLBM causing structural transitions
between completely wetted and de-wetted surface parts.
Fluorescence microscopy observations supported such surface preparation insufficiencies (Fig-
ure 4.10 B). The images strikingly illustrate domains lacking any fluorescence signal apart that
from background noise (white arrows). These fluorescence depleted domains extended over
macroscopic dimensions (scale bars 10 and 40  m, respectively). Subsequently, fluorescence ac-
cumulation –of a filamentous phenotype– occurred proposing the clustering of lipid vesicles or
the fluorescently labelled lipid NBD-PE. Therefore a cautious and thorough surfaces prepara-
tion is demanded in order to achieve completely wetted and homogeneously polymer-covered
substrate surfaces.
4.1.5 Discussion
The analysis of the maleic acid copolymer films revealed most intriguing intrinsic properties
regarding the swelling behaviour, thickness, and surface roughness. The swelling of the polymer
films was promoted by the chemical reaction of the maleic anhydride moieties into carboxylic
acid groups at the liquid/film interface. This led to an increase in the water uptake and an
accelerated swelling, comparable results have been found by Lee and Kanazawa [143].
Different film situations and the swelling behaviour regarding to grafting density and solvent
interactions are schematically drawn in Figure 4.11. The schematic demonstrates the swelling
behaviour of polymer chains with low and high grafting densities under bad- and good-solvent
conditions. The maleic acid copolymer films were grafted onto the surface in the so-called
mushroom regime at low grafting densities. At this surface density the polymer chains are able
to occupy more specific area per molecule leading to potentially high coupling rates between the
surface and the polymer chains. The maximum thickness L of the polymer chains at low grafting
densities correlated well with the Flory radius RF (indicated by the dashed line in Figure 4.11)
and was determined by the critical solution concentration c0 ≈ 0.13%. The swelling response
to the exposure of the polymer chains to bad or good solvents did not caused strong differences
in thickness. On the contrary, at high grafting densities the polymer chains are coupled by one
or only very few grafting points to the substrate. This leads to a dense polymer film which
can be closely described by a polymer brush like behaviour. In a good solvent (e.g. aqueous
solution at pH 7.4, the maleic acid functionalities are completely deprotonated [137]) the chains
are nearly completely stretched due to the strong electrostatic intermolecular chain repulsion.
At bad solvent conditions (e.g. aqueous solution at pH 3, the maleic acid functionalities are half-
dissociated [137]) the electrostatic repulsion between single polymer chains is decreased resulting
in lower polymer film thicknesses. For both grafting densities the polymer thicknesses scaled at
good-solvent conditions (pH 7.4) with N3/5, at bad-solvent conditions (pH 3) with N1/3.
Hydrolysed maleic acid copolymer thin films exhibited very smooth roughness values (rms ≈
0.3 − 1.2 nm) compared to dried maleic anhydride surfaces (rms ≈ 40 nm). However, attention
has to be paid during the spin-coating procedure as material defects are introduced caused by
incomplete wetting.
In summary, the swelling and AFM data clearly showed that POMA films are rather rigid,
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Figure 4.11: Representation of the swelling behaviour of maleic acid copolymers at high and
low grafting densities under good-solvent and bad-solvent conditions at pH 7.4 and
pH 3, respectively. The dots represent grafting sites between a polymer chain and
the surface, L the extension length/polymer film thickness, the dashed line indicates
the Flory radius, the red arrows the qualitative swelling response of the exposure to
the different solvents.
slightly swollen polymer surfaces. On the other hand, hydrolysed PPMA and PEMA films in
aqueous solutions are highly swollen polymer films (swelling degree: 10-100). PEMA and PPMA
films consist of flexible polymer chains, and their conformation depend on the solvent conditions
(Figure 4.11). Topography and the chemical heterogeneity of the underlying support further
played a critical role for the resulting topographic features of the polymer cushion.
4.2 Supported Lipid Bilayer Membrane Formation
4.2.1 Characterisation of Lipid Vesicles
Extruded vesicle solutions were examined by dynamic light scattering experiments to determine
the vesicle size distribution. The autocorrelation data indicated a comparable behaviour for
either natural or synthetic lipid vesicle mixtures under the given experimental conditions (com-
pare Figure 4.12 A). Therefore, vesicles of the natural lipid composition PC:PE:PS:chol (ratio
50:10:20:20) and the synthetic lipid mixture DOPC:DOTAP (ratio 90:10) resulted in nearly sim-
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ilar size distributions (see Figure 4.12 B). The data was fitted according to the extreme value
probability density distribution,
f(x | μ, β) = β−1e(x−μβ )e−e
(
x−μ
β
)
(4.2)
with μ the location parameter (median), and β the scale parameter (standard deviation). The
results of the fitting are shown in Table 4.4. The obtained averaged diameter of lipid vesicles sug-
gested that the size of the vesicles was independent from the lipid mixtures which was attributed
to the extrusion process. Minor differences in the distributions can be caused by the source and
purity of the applied lipids. Natural lipids from egg yolk (PC:PE:PS) are a random distribution
of different acyl chain lengths. Consequently, natural lipid vesicles could contain long fatty acids
extending C20 chains. DOPC and DOTAP are synthetic lipids which are merely consisting of
C18 chains. Thus, the differences in size are mainly affected due to chemical variations.
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Figure 4.12: Comparison of normalised autocorrelation curves (A) and vesicle size distribution
(B) for the mixtures of natural lipids PC:PE:PS:chol (50:20:10:20) and synthetic
lipids DOPC:DOTAP (90:10) by dynamic light scattering experiments. The data of
the size distribution is fitted to the extreme value probability density function. The
correlation amplitudes are normalised to 1 by multiplying G(τ) with the average
number of lipid vesicles 〈N〉 in the volume phase.
Table 4.4: Size of average lipid vesicles derived from eq. 4.2.
PC:PE:PS:chol DOPC:DOTAP
μ ± β [nm] 100.3±38 95±32
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4.2.2 Kinetics of sLBM Formation on Silica Surfaces
In initial experiments sLBM formation was studied on silica surfaces by QCM-D measurements.
The suitability of the QCM-D technique to monitor the sLBM formation was demonstrated by
an early study of Keller and Kasemo [48]. Since then, numerous studies have addressed factors
such as surface properties, lipid composition, etc. (for details see Section 2.3).
Results of lipid vesicle adsorption (A) and the kinetics of sLBM formation (B) are given
Figure 4.13. The monotonous decrease of the frequency and the increase of the dissipation data
in (Figure 4.13 A) indicated the adsorption of intact lipid vesicles onto an untreated silica surface
without spreading and sLBM formation. Modelling the layer properties revealed a thickness of
about 35 nm and a viscosity of 0.003 Pas. This suggested the adsorption of a viscous, intact
liposome layer with flattened lipid vesicles8. Apparently the surface-liposome interactions were
insufficient to induce fusion of the vesicles. Not after the silica surfaces had been subjected
to additional plasma treatment, was spontaneous bilayer formation observed. Any treatment
–including plasma treatment or UV/ozone exposure– appeared a crucial step to render the solid
silica surface completely hydrophilic and to activate the surface charges. Richter et al. [15]
earlier proposed these prerequisites to achieve an adequate surface for sLBM formation.
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Figure 4.13: QCM-D measurements on lipid vesicles adsorption (A) and sLBM formation (B)
on silica surfaces at pH 4.
The typical qualitative fingerprint of sLBM formation was observed after adequate surface treat-
ment as shown in Figure 4.13 B (introduced in Section 2.3). The process of sLBM formation was
characterised by (i) the adsorption of lipid vesicles onto the solid/liquid interface, (ii) the fusion
of adsorbed, neighbouring vesicles into bigger lipid vesicles, and (iii) the subsequent, spontaneous
rupture into a self assembled lipid bilayer membrane structure [49, 78]. The mechanistical view
can be analysed in terms of frequency and dissipation changes (Figures 4.13, 4.14 and Table
4.5) as follows: the adsorption of lipid vesicles caused a decrease in frequency (≡ mass increase)
and an increase in dissipation (≡ accumulation of viscous material). At a certain time tmax
the kinetics revealed a peak in f (Δfmax) and D (ΔDmax). This suggested that the surface is
rapidly coated with lipid vesicles that can fuse to form a sLBM. Strong surface attractions along
8Liposome diameter according to DLS measurements 100 nm.
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with high surface coverage caused the deformation of liposomes on the surface. Van der Waals
forces are thought to be a major contribution for the attractive forces between lipid vesicles and
the silica surface [72]. With an increasing surface coverage the repulsive interactions between
neighbouring liposomes were enhanced and the induced stress caused a destabilisation inducing
fusion and the formation of larger liposomes [76, 78]. Subsequently, the surface-liposome interfa-
cial area increased and the rupture of single liposomes resulted in nucleation spots propagating
over the entire surface. The change in sign of df/dt particularly expresses the notion that the
mass-uptake was dominated by the liposome rupture accompanied by the release of entrapped
water. The asymptotic values Δf∞ and ΔD∞ pointed to the transition from a soft dissipative
liposome layer (thickness ≈ 30 nm, viscosity ≈ 0.003 Pas) to the formation of a flat sLBM
(ΔD ≈ 0, thickness ≈ 5 nm, viscosity ≈ 0.01 Pas).
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Figure 4.14: Summary of frequency (A) and dissipation (B) changes occurring during sLBM for-
mation for a single lipid vesicle solution and lipid vesicle mixture of PC:PE:PS:chol.
Comparison between data points with asterisks is statistically significant (∗ P < 0.05;
unpaired t-test, two-tailed).
Table 4.5: Summary of frequency and dissipation changes occurring during sLBM formation for
a single lipid vesicle solution and lipid vesicle mixture of PC:PE:PS:chol.
Lipid vesicle Δfmax Δf∞ ΔDmax ΔD∞ tmax t∞
[Hz] [×10−6] [min]
single PC −76 ± 37 −29 ± 3 6 ± 4 0.83 ± 0.7 2.6 ± 1.8 15 ± 15
PC:PE:PS:chol −70 ± 17 −34 ± 4.5 5.2 ± 2.3 0.6 ± 0.4 3.4 ± 1 11.6 ± 5
QCM-D measurements were accompanied by complementary cLSM observations (Figure 4.15).
Those measurements documented the accumulation of lipid vesicles on a silica surface indicated
by the increase of fluorescence intensity. Upon a critical coverage spreading of liposomes into
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Figure 4.15: sLBM formation as followed by cLSM fluorescence measurements on a silica sur-
face over a time course of 10 min. The images show the temporal evolution from
the early onset of liposome adsorption, to the formation of single nucleation spots
(arrows), and the sLBM formation along a collapsing liposome front line (dashed
line). Bar size: 40 μm.
small lipid bilayer islets was observed (arrows). At this stage (t ≈ 3 min), the surface was covered
by coexisting phases of liposomes and flat lipid bilayers corroborating QCM-D measurements at
Δfmax and ΔDmax. Subsequently, sLBM formation proceeded by the progressive extension and
spreading of a liposome front (dashed line) until a flat sLBM completely covered the substrate
surface (t ≈ 10 min).
4.2.3 Kinetics of sLBM Formation on Polymer Cushions
Followed by initial experiments on SiO2, the kinetics of sLBM formation was analysed on polymer
substrate. Prior to the deposition of lipid vesicles the polymer substrates have been hydrolysed in
water overnight. sLBM formation was first tested in HEPES buffer (pH 7.2). The corresponding
QCM-D data on PPMA is given in Figure 4.16 A. Apparently no sLBM formation was observed
as the QCM-D graph lacked the typical temporal variations in f and D. The data indicated
only low amounts of adsorbed vesicles incapable to reach the critical coverage upon which sLBM
formation would proceed. As already introduced in Section 4.1.3 maleic acid copolymers exhibit
two pKa values in dependence of the solution’s pH (see Figure 4.5). The buffer solution was
changed from HEPES (pH 7.2) to pH 4 saline solution in order to manipulate the electrostatic
interactions between the adsorbate (polymer surface) and the adsorbent (liposomes). Decreasing
the pH leads to a reduction in the charge density. Observations of the polymer behaviour at
pH 4 suggested a slight thickness decrease of the polymer films. In deed, the change to pH 4
successfully resulted in the characteristic fingerprint of sLBM formation as shown in Figure
4.16 B. The qualitative description of the kinetics features was consistent with the observations
of Keller and Kasemo [48], all typically occurring events were observed at pH 4 in-line with the
description of the sequence of sLBM formation (vesicle adsorption, vesicle accumulation, and
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rupture). The results are summarised for the different lipid mixtures in Figure 4.17 and Table
4.6.
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Figure 4.16: QCM-D measurements on lipid vesicles adsorption in HEPES (pH 7.2) (A) and
sLBM formation in pH 4 buffered saline (B) on PPMA surface.
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Figure 4.17: Summary of frequency (A) and dissipation (B) changes occurring during sLBM for-
mation for a single lipid vesicle solution and lipid vesicle mixture of PC:PE:PS:chol
on hydrolysed PPMA surfaces. Comparisons between data points with asterisks are
statistically significant (∗ P < 0.05, ∗∗ P < 0.005; unpaired t-test, two-tailed).
Measurements on POMA surfaces (Figure 4.18 A) revealed a qualitatively distinct behaviour
compared to PPMA or SiO2 surfaces. The kinetics of sLBM formation on this cushion was char-
acterised by a very slow adsorption finally reaching a saturated surface coverage. Upon rinsing
unbound or non-spread liposomes were removed from the surfaces. Mathematical estimates of
the resulting liposome film thickness (≈ 6.5 nm) based on QCM-D data suggested the formation
of at least partial sLBM accompanied by remaining liposomes (Figure 4.18 B) 9. Deviations from
the ideal sLBM formation were provoked by lipid vesicles pinned to the surface contributing to
9Bilayer membranes thicknesses are estimated to 4 − 5 nm.
57
4 Results and Discussion
Table 4.6: Summary of frequency and dissipation changes occurring during sLBM formation for
a single lipid vesicle solution and lipid vesicle mixture of PC:PE:PS:chol on hydrolysed
PPMA surfaces.
Lipid vesicle Δfmax Δf∞ ΔDmax ΔD∞ tmax t∞
[Hz] [×10−6] [min]
single PC −123 ± 28 −23 ± 4 19 ± 5 5.6 ± 0.7 12 ± 3 365 ± 175
PC:PE:PS:chol −57 ± 27 −16 ± 2 11.4 ± 4 3.3 ± 1.5 5 ± 1.2 175 ± 58
the energy dissipation. Slow kinetics were also observed by Seantier et al. [73]. In their study
the slowing of the time course was caused by low lipid vesicle concentration. Upon rinsing a
sLBM was formed, but the obtained data was ambiguous.
Obviously, QCM-D measurements alone did not suffice to explain and determine sLBM for-
mation on polymer cushions. Thus, complementary experiments using cLSM were required to
characterise sLBM and their formation on POMA films. This will be shown in section 4.2.4.
QCM-D measurements on PEMA could not be accomplished. The thick and soft polymer film
(thickness ≈ 50 nm) did not allow to monitor sLBM formation as the adsorption of lipid vesi-
cles and sLBM formation were probably superimposing each other. Resulting large dissipative
energy losses could not be used to distinguish between the possible processes of sLBM formation.
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Figure 4.18: QCM-D measurements on lipid vesicles adsorption and spreading in pH 4 buffered
saline (A) and corresponding thickness modelled by the Voigt-Voinova approach (B)
on POMA surface.
4.2.4 Understanding the Mechanism of sLBM Formation
In their seminal study Johnson et al. [78] tried to elucidate pathways and underlying interactions
to sLBM formation on solid substrates. For that purpose they set up experiments utilising the
58
4.2 Supported Lipid Bilayer Membrane Formation
fact that isolated adsorbed fluorescently labelled lipid vesicles stay intact. Subsequently, the ad-
dition of excessive unlabelled lipid vesicles initiated fusion and sLBM formation upon increasing
the total lipid coverage on the surface. Following their approach, fluorescently labelled liposomes
were adsorbed onto the substrate at low bulk concentration to achieve a surface (either silica or
polymer surface) covered with scattered attached liposomes (Figure 4.19). Single liposomes are
shown (4.19 A) which spontaneously ruptured upon contact with unlabelled liposomes (4.19 B).
(A) (B)
Figure 4.19: Single fluorescently labelled liposomes adsorbed onto a silica surface. Liposome be-
fore (A) and after (B) fusion and rupture. Bar size: 10 μm.
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Figure 4.20: Examples for alternative sLBM formation pathways: (A) primary fusion and rup-
ture of lipid vesicles, (B) simultaneous fusion and rupture. Fusion is indicated by
grey, rupture by red arrows.
Analysis of the adsorbed lipid vesicle species revealed at least two distinct pathways upon con-
tact with unlabelled lipid vesicles leading to the formation of sLBM (Figure 4.20). Pathway 1
(Figure 4.20 A) was characterised by fusion (grey arrows) and subsequent rupture (red arrows)
as demonstrated by the 50% fluorescence intensity decrease after the primary fusion event. The
monotonous decrease in fluorescence between the first and second step can be attributed to
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additional fusion of unlabelled lipid vesicles and constant growth of the liposome. The time
span between the two events could be used to estimate the growth of the liposome (in diameter)
until the final rupture. The second pathway consisted of simultaneous fusion and rupture (Fig-
ure 4.20 B). The rupture of liposomes into sLBM was found to proceed very rapidly from the
onset at tfusion(Imax) to completion at t(I∞). Significant differences were observed between the
time to fusion in pathway 1 and the simultaneous fusion/rupture in pathway 2 (compare Figure
4.21 B)10.
Similar experiments were performed on POMA and PPMA cushions. The kinetic data sug-
gested only simultaneous fusion and rupture as the dominating species of sLBM formation.
Apparent differences are shown by representative plots of fluorescence intensities during lipo-
some fusion and rupture on the substrate surfaces in Figure 4.21 A. Obviously, the time span
until complete rupture (t(I∞)) was significantly longer by one to two orders of magnitude on the
polymer cushions (Figure 4.21 B)10.
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Figure 4.21: (A) Fusion and rupture kinetics of sLBM formation on silica, PPMA and POMA
surfaces. (B) Box plots comparing the time differences between the onset of fusion
(tfusion) and rupture (t∞) of liposomes on silica and polymer surfaces. Compar-
isons between data points with asterisks are statistically significant (∗∗∗ P < 0.001;
unpaired t-test, two-tailed).
4.2.5 Discussion
QCM-D and cLSM measurements were applied to investigate the mechanism of sLBM forma-
tion. The two techniques helped to gain kinetic (quantitative) as well as mechanistic (qualitative)
information. The results were in good agreement with the quantitative and qualitative obser-
vations on sLBM formation on silica surfaces using QCM-D measurements [48, 71, 73]. In the
majority of the mentioned studies the authors proposed frequency changes of Δf∞ ≈ − 26 Hz
and dissipation changes of ΔD∞ ≈ 0.3 × 10−6 for sLBM formation. Those results have been
obtained independent of the lipid composition [144]. Measurements in this study confirmed
10Statistics have been analysed using the statistic software GraphPad.
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these observations on single PC liposomes and on lipid mixtures of PC:PE:PS:chol. Only minor
deviations (significance P < 0.05) were detected by QCM-D measurements on the above men-
tioned lipid compositions in Δf (Table 4.5). Likewise, no significant differences were found for
dissipation changes ΔD.
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Figure 4.22: (A) Comparison thickness vs. time of sLBM formation on silica and PPMA sur-
faces modelled by ideal Sauerbrey and viscoelastic Voigt-Voinova model assumptions.
(B) Thickness fit to the Sauerbrey equation of the 3rd, 5th and 7th overtone in com-
parison to the Voigt-Voinova model.
Slightly higher values in Δf∞ and ΔD∞ compared to literature results might be attributed
to intact, unbroken vesicles. Calculating the thickness by either Sauerbrey or Voigt-Voinova
should help to explain the kinetic behaviour of sLBM formation. One would expect a linear
relationship between frequency and mass for a ’rigid’ sLBM, and a non-linear relationship for
a ’soft’ vesicle layer. The modelled thicknesses graphs were plotted in Figure 4.22 A. The
deviations in the maximum of thickness between Sauerbrey and Voigt-Voinova on silica were
more prominent compared to the polymer surface, which were caused by a higher number of
adsorbed vesicles on silica surfaces. Notably, the thickness of the final sLBM was determined to
approximately 5 nm for both surfaces. This implied the formation of a compact, ’rigid’ sLBM,
although analysis of the dissipation revealed substantial differences between solid silica surfaces
and polymer cushions: ΔD∞Silica < ΔD∞Polymer (compare Tables 4.5 and 4.6). Whereas sLBM
on silica roughly approached zero dissipation, the polymer surfaces exhibited strong dissipation.
This contradicted with the thickness correlation pointing to rigid sLBM formation. Hence,
ΔD∞Polymer indicated the coexistence of sLBM and few remaining surface-bound vesicles11.
Further, the Sauerbrey equation would suggest a harmonic independent oscillatory behaviour.
Hence, all frequency overtones should result in the same thickness. As shown in Figure 4.22 B
this was not the case. Deviations from the ideal relationship must be affected by viscoelastic
11Calculating the shear viscosity resulted in 8, 2.3 and 3.3 mPas for silica, PPMA and POMA, respectively.
According to equation 3.7 tan δ expresses the ratio between the loss (η) and the storage modulus (μ). tan δ < 1
suggests the formation of a soft lipid vesicle layer, tan δ > 1 of a stiff, rigid sLBM [145]. Estimating this
parameter proposed tan δ < 1 in all experiments for all investigated surfaces.
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perturbations (e.g. by liposomes, membrane defects) in accordance to the Voigt-Voinova model.
In summary, QCM-D data predicted the formation of sLBM on silica and polymer cushion
although the data modelling did not allow for an unambiguous interpretation as it also suggested
the coexistence of sLBM and liposomes.
Complementary cLSM observations supported the hypothetical mechanistic model assump-
tions of the QCM-D experiments concerning sLBM formation. The observations revealed two
different mechanisms of liposome fusion. Pathway 1 was characterised by primary fusion and
subsequent rupture, and pathway 2 consisted of instantaneous fusion and rupture. These clear
observations could only be distinguished on silica surfaces. In consistence with QCM-D obser-
vations the difference between silica surface and polymer films concerned the absolute time span
of sLBM formation. Explicitly, the tailing from the maximum in Δf and ΔD took much longer
up to a factor of 5-10 (compare Tables 4.5 and 4.6). Interestingly, this finding corresponded well
with the experimental results of the fluorescence measurements. The interactions between lipo-
somes were presumed to progress slowly until complete sLBM formation on polymer surfaces in
contrast to the instantaneous rupture and fast sLBM formation on silica surfaces. Accordingly,
fluorescence studies on polymer cushions revealed substantially shorter time courses (10-15 min)
to achieve sLBM formation compared to QCM-D data (50-100 min) (compare Figures 4.16 B
and 4.21 B). These observed differences can be explained by the way of experimental observa-
tion. QCM-D measurements represent the kinetics of the total ensemble of liposomes, whereas
fluorescence measurements only consider a selected area of observation that can differ from the
overall global behaviour.
The choice of the environmental conditions was rendered extremely crucial for successful sLBM
formation on polymer cushioned sLBM. Solution’s pH determined the effectively adsorbed num-
ber of lipid vesicles on the polymer substrates. As shown in section 4.1.3 the change in ionisation
was adjusted by switching from HEPES buffer (pH 7.2) to pH 4 saline solution. Associated struc-
tural transitions (decreased swelling of the polymer supports) favoured the progressive formation
of sLBM due to a decrease in electrostatic repulsion increasing the number of adsorbed lipo-
somes. This is believed to be a consequence of the denser packed polymer chains. The important
features were schematically drawn in Figure 4.23 according to the findings in this work and the
proposed considerations of Wong and co-workers [50]12. At pH 7.2 full ionisation of the car-
boxylic acid groups can be assumed . Thus the polymer chains protruded into the liquid as
the electrostatic repulsion between the chains was at the maximum (indicated by the negative
charges). Adsorbing vesicles might be parked surrounded by polymer chains. This and the elec-
trostatic repulsion between polymer chains and negatively charged lipid headgroups inhibited
the direct contact between adjacent liposomes. Strong electrostatic repulsion between negatively
charged lipid headgroups and the negatively charged polymer surface might also be responsible
12Wong et al. [50] found similar results for the quasi-drying of the PEI polymer surfaces and the successful
deposition of sLBM. They predicted the formation of complex surface aggregates consisting of ruptured sLBM
and isolated liposomes if the swelling of the polymer layer proceeded faster than the vesicle adsorption. Vice
versa, while the liposomes adsorbed faster than the polymer swelled they obtained a homogeneously closed
and dense sLBM with a low defect number. Their findings can be directly applied to explain the behaviour of
liposomes on maleic acid copolymer films.
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for a lower surface coverage. The ’missing’ contact did not initiate fusion, the attached layer
was presumed to consist of lipid vesicles and sparsely remote bilayer patches. On the other
hand, at pH 4 the polymer layer was characterised by less repulsion. Favourable, less repulsive
electrostatics allowed the adsorption of a higher number of vesicles constantly increasing the
amount until a critical coverage was achieved. The denser polymer layer without protruding
chains favoured the contact between neighboured liposomes which subsequently induced fusion
and rupture to complete sLBM formation. A number of other factors were found responsible to
increase the probability of fusion. The addition of Ca2+ ions was observed to crucially promote
fusion13. Another parameter represented the choice of the lipid composition14.
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Figure 4.23: Schematic representation of sLBM formation on maleic acid copolymer films. At
pH 7.2 lipid vesicles adsorb on a highly charged polymer surface, which do not allow
for sLBM formation, because only a small number of vesicles adsorbs. At pH 4
the polymer chains are less repulsive and swollen, therefore allowing a higher lipid
vesicles adsorption and a successful sLBM formation.
In summary, sLBM formation requires the optimal balance of attractive and repulsive interac-
tions between liposomes and the underlying substrate surface. As long as those prerequisites
are not met the surface coverage was low and did not lead to spontaneous sLBM formation. A
critical coverage was determined necessary to accumulate sufficiently high numbers of lipid vesi-
13Ca2+ can act either as a bridge between negatively charged lipid headgroups such as PS and PO3−4 of PC, or
bridge between the negatively charged surface such as silica and the headgroups of the lipid vesicles [68]. It
can further promote bridging between lipids and stabilised liposomes. Ca2+ affects the balance between cost
in curvature energy and gain in adhesion energy in POPC/POPA liposomes [68].
14Tamm et al. [146] described that a lipid composition of PC:PE:SM:chol (35:30:15:20) showed the most efficient
fusion. PE was found to promote fusion because of its strongly negative curvature inducing stress in highly
curved regions, PS had negative effects. In the presented work either single PC or liposomes of PC:PE:PS:chol
were used.
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cles. At the limit of and beyond the critical surface coverage, liposomes were subject to intense
stress, eventually leading to deformations and deviations from the thermodynamically stable
adsorbed liposome state [79]. Fusion and rupture of highly stressed liposomes in the nucleation
spots induced the cooperative spreading of sLBM over the surface. Hence, sLBM formation was
determined by the cooperative interactions between vesicle-vesicle and vesicle-surface interac-
tions. The underlying driving mechanisms are still poorly understood and can be attributed to
the whole range of intermolecular interactions, including van der Waals, electrostatic, hydration
and steric forces [29].
4.3 Diffusion Behaviour of sLBM
4.3.1 Diffusion Determined by FRAP Analysis and FCS Analysis
Diffusion Determined by FRAP Analysis
The sLBM prepared as described in the previous section were analysed in terms of the diffusion
behaviour using fluorescently labelled lipids by FRAP measurements. FRAP data were analysed
according to the FRAP theory of Soumpasis [121] as introduced in Section 3.4.1. FRAP mea-
surements were performed on sLBM with the fluorescently labelled lipid NBD-PE. The dye is
covalently bound to the lipid headgroup of PE and believed not to interfere with the free Brow-
nian motion of lipid molecules in either the distal or the proximal leaflet. A typical example of
the time course of a FRAP experiment is given in Figure 4.24.
Pre-Bleach t=0s t=5s t
Figure 4.24: Example of a FRAP measurement on a silica surface. Bar size: 10 μm.
FRAP graphs of sLBMs were plotted in Figure 4.25 A for silica and polymer cushions. The
recovery of bleached spots was found to be slowed down in the order glass, PEMA, PPMA, and
POMA. All FRAP data pointed to a recovery of at least 80%. The exact results are given in
Table 4.7. Silica and PEMA surfaces exhibited nearly complete recovery with 95% and 96%
mobile fractions, respectively. On the other hand, PPMA and POMA showed a recovery of
around 80% within the displayed time frame.
Diffusion coefficients were calculated by the approach of Soumpasis [121]. The fitted values
(R2 > 0.98) of the FRAP graphs are given in Figure 4.26 and Table 4.7. The estimated diffusion
coefficients revealed an approximately two fold faster diffusion on glass substrates (2.0  m2 s−1)
compared to the fastest diffusion on the polymer cushions, in particular on PEMA (1.1  m2 s−1).
Diffusion on PPMA (0.6  m2 s−1) and POMA (0.26  m2 s−1) appeared rather slow compared to
FRAP data of sLBMs on silica surfaces in the literature. Several groups [81, 147, 148] reported
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diffusion coefficients between 1 and 2.5  m2 s−1 for synthetic DOPC and egg PC sLBM on glass
substrates.
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Figure 4.25: (A) Typical FRAP recovery curves for sLBM of PC:PE:PS:chol mixtures on silica,
PEMA, PPMA, and POMA surfaces with an exemplary least squares fit of a single
exponential increase. (B) Typical FCS measurement on mica and PEMA surface.
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Figure 4.26: (A) Box plots of diffusion coefficients and (B) mobile fractions obtained by fitting
FRAP recovery curves for sLBM of PC:PE:PS:chol mixtures on silica, PEMA,
PPMA and POMA surfaces. Comparison between data points with asterisks is
statistically significant (∗∗∗ P < 0.001; unpaired t–test, two-tailed).
However, FRAP only represented a rough estimate of the lipid diffusion in sLBMs due to ex-
perimental limitations such as the time resolution for fast diffusing particles. In particular, the
’corona’ effect –stronger bleaching in the centre compared to the boundaries of the bleaching spot
[149, 150] (inset of Figure 4.27 A)– was one of the main problems occurring during bleaching.
The subsequent diffusion of unbleached lipids diluted the outer boundaries immediately after the
laser illumination stopped. Hence, the profile of the bleaching spots can not be approximated by
a step function but rather by a Gaussian shape function. Time delays in the image acquisition
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Table 4.7: Summary of diffusion coefficients and mobile fractions as determined by FRAP and
FCS for sLBM on silica and polymer substrates. Silica and mica were used as reference
substrates.
Diffusion coefficient mobile fraction
substrate FRAP [ m2 s−1] FCS [ m2 s−1] [%]
glass/mica 2±0.2 6.4±0.6 95±5
PEMA 1.1±0.2 2.5±0.2 96±2
PPMA 0.6±0.12 n.d. 80±6
POMA 0.26±0.1 n.d. 80±5
lead to an underestimation of the intrinsic diffusion coefficients. To exclude this effect, different
bleaching times were examined to estimate the lipid diffusion for tbleaching → 0 (Figure 4.27 B).
The data were fitted to an exponential decay function and the intercept with the ordinate rep-
resented a better estimate for the lipid diffusion coefficient. A factor of 1.5 was found for the
deviation from experimental (2  m2 s−1) to fitted (3.1  m2 s−1) diffusion coefficient for sLBM
on silica substrates. These results clearly showed the need to obtain complementary information
to assess lipid diffusion in sLBM.
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Figure 4.27: (A) Formation of the ’corona’ effect caused by photobleaching as shown along an
intensity profile (inset). The deviation from a circular profile limits the precise
estimation of the diffusion coefficients. (B) Correction of the diffusion coefficient
by the application of different bleaching times as suggested by Weiss [149].
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Diffusion Determined by FCS Analysis
FCS measurements were applied for the purpose of more accurate determination of lipid mobility
in sLBM. FCS was shown to gather more precise kinetics as FCS is less invasive than FRAP
because it only requires minimal loads of fluorescence labelling [151]. Thus, specific intrinsic
interactions, which can occur between fluorescence dyes and charged lipid headgroups, are min-
imised. Freshly cleaved mica was used as a reference surface because it is known to provide
highly mobile sLBM similar or even better to those on silica surfaces [70].
Representative FCS graphs are shown in Figure 4.25 B. The diffusion coefficients derived
from FCS are presented in Table 4.7. A diffusion coefficient of 2.5  m2 s−1 was found for the
polymer cushion PEMA, which was a factor 2.7 slower than on the reference substrate mica
(6.4  m2 s−1). The diffusion coefficients on mica were comparable to recently published results
of lipid motion in sLBM [151, 152]. The characteristic shape of the correlation curve suggested
unrestricted two-dimensional Brownian motion of lipid molecules according to the observations
of Schwille and co-workers [10, 124, 152]. Apparently, this diffusion behaviour applied to both
surfaces because no substantial deviations in the autocorrelation graphs were observed. FCS
measurements on PPMA and POMA surfaces could not be performed due to slow lipid diffusion
leading to high photobleaching in the focal volume for the applied setup (for comparison Table
4.7 and Figure 4.26).
FRAP of Synthetic Lipid Mixtures in Dependence on pH
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Figure 4.28: (A) Fluorescence intensities and (B) diffusion coefficients derived from FRAP
experiments of a sLBM prepared from a mixture of DOPC:DOTAP:NBD-PE
90:10:1mol% at different pH values.
To prove the stability of sLBM under different pH values, FRAP experiments were performed
for a 90:10 mixture of DOPC:DOTAP, which tended to be the most resistant sLBM observed by
impedance measurements (shown in section 4.4). Fluorescence microscopy did not only enable
the detection of diffusion coefficients of the sLBM at different pH values, but also to check the
overall fluorescence intensity of the fluorescently labelled sLBM. Losses of fluorescence intensity
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indicate delamination of parts of the sLBM and thus membrane instabilities arising from pH
changes. Such significant changes in fluorescence were not observed as indicated in Figure 4.28 A.
A diffusion coefficient of 2 ± 0.2  m2 s−1 was observed by FRAP experiments in the study
of the diffusion coefficient of NBD-PE in a sLBM of a multi component natural lipid mixture
on silica surfaces (compare section 4.3). The diffusion coefficients of DOPC:DOTAP mixture
were analysed in the same way. The fluorescence intensity data indicated that sLBMs were
unaffected by the application or rinsing at different pH-values (nearly constant intensity over pH
range). This data was supported by impedance measurements on the pH dependence suggesting
no changes in the total number of lipids in a sLBM. It was found that the impedance and
capacitance strongly depended on the solution’s pH, but subsequent changes and different pH
steps always resulted eventually in achieving identical impedance and capacitance values15.
The estimated diffusion coefficients were not found to differ significantly with pH. Values
of 1.54 ± 0.08  m2 s−1 for the diffusion coefficient are consistent with previous experimental
results published for sLBM containing DOPC on glass substrates [81, 147]. An even more
interesting implication of these findings is that the characteristics of the sLBMs mobility did not
change significantly by rinsing the samples with the different pH values. The overall diffusion
coefficients seemed to be roughly unaffected by the pH of the background electrolyte solution.
Small differences and reduced mobility might occur at low pH values, but these were less than
the uncertainties and imprecisions of the FRAP measurement. There is much evidence that
pH strongly influences the mobility of lipids in synthetic as wells as in natural membranes
[153]. The presence of Ca2+ plays a key role as the divalent ion is able to replace H3O+ under
distinct circumstances (pH). Ca2+ can then bridge two negatively charged lipid head groups and
concomitantly reduce lipid mobility.
Diffusion of Lipid Assemblies
Cooperative diffusion of few lipid assemblies was observed apart from the diffusion of single
lipid molecules. Exemplarily the displacement of lipid aggregates is given in Figure 4.29. Time
stacks were analysed by using the plugin MultiTracker for ImageJ. The results of 6 individual
measurements are summarised Figure 4.30 (two independent samples). The velocity of the mean
square displacement was about an order of magnitude slower compared to the diffusion of single
lipids as measured by FCS and FRAP16. These findings were not surprising as collective diffu-
sion depends on the hydrodynamic radius of the object under observation [154]. In conclusion,
attention has to be paid regarding the results of diffusion coefficients, as aggregated lipid assem-
blies could hinder the free motion of lipid molecules in sLBM. The occurrence of lipid aggregates
further increases the underestimation of the intrinsic diffusion coefficients.
15David Küttner, unpublished results
16This can be estimated by assuming free translational displacement due to Brownian motion. Using the Einstein
equation DT = kBTbT and 〈r2〉 = 4DT t for translational displacement, one can estimate DT for a lipid
aggregate.
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Figure 4.29: Particle tracking of clustered NBD-PE lipids in sLBM on a PEMA surface. Bar
size: 10 μm.
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Figure 4.30: Particle tracking of clustered NBD-PE lipids in sLBM on a 0.03% PEMA surface.
4.3.2 Discussion
The diffusion properties of lipid molecules in sLBM on different substrate surfaces were studied
by FRAP and FCS. Significant differences were found in the diffusion coefficients depending on
the physico-chemical properties of the underlying substrate (compare Figure 4.26 A). Considering
the obtained diffusion data, the mobility of polymer cushioned sLBMs on PEMA can be described
as a ’one component’ Brownian motion similar to the controls on silica or mica substrates. The
slower diffusion behaviour of sLBM on POMA and PPMA surfaces compared to PEMA and
silica surfaces might be attributed to stronger intermolecular forces.
A comparison of the FRAP derived diffusion data suggested a dependence on specific physic-
ochemical surface parameters. In particular, the lower polarity/hydrophilicity of the polymer
cushion strongly influences the diffusion of lipid molecules. This is a direct result from their
lower number of partially dissociated carboxylic acid groups, expressed by the ratio COOH:CH2
(Figure 4.31 A). In the case of POMA and PPMA the ratio was 0.111 and 0.667, respectively,
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compared to 1 for PEMA. As expected from previous studies [28] these characteristics were
reflected in different water contact angles of 100◦ (POMA), 38◦ (PPMA), and 26◦ (PEMA) (for
details see Section 3.1 and Table 3.1). Those differences primarily originate from the size of the
comonomer units. The more spacious the alkyl component the more non-polar the character-
istics of the copolymer. The water contact angles can be converted into a surface energy scale
expressed by cos(θ). cos(θ) should be treated as an integral measure of intermolecular forces of
the polymer cushions towards an aqueous environment existing at the cushion-bilayer interface.
Although keeping in mind that it is not possible to get detailed access into the complex interplay
of hydration, electrostatics, van der Waals forces, etc. [29]. The majority of studies on sLBM
described hydrogen bonding and van der Waals interactions as the most important parameters
to stabilise the integrity of sLBM on and its distance to substrate surfaces.
-1.0 -0.5 0.0 0.5 1.0
0.1
1
glass
PEMA
PPMA
POMA
d
if
fu
s
io
n
c
o
e
ff
ic
ie
n
t
[μ
m
2
s
-1
]
cos
0.0 0.2 0.4 0.6 0.8 1.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
d
if
fu
s
io
n
c
o
e
ff
ic
ie
n
t
[μ
m
2
s
-1
]
COOH:CH
2
PPMA
POMA
PEMA
A B
Figure 4.31: (A) Diffusion coefficients of different polymer surfaces in dependence on ratio
COOH:CH2 and (B) on the surface energy cos(θ).
The rather simple interpretation by cos(θ) enabled the direct comparison of the diffusion data
on polymer cushions with those on silica and mica surfaces. The latter surfaces owe excellent
wetting properties, assuming a contact angle θ → 0◦. The correlation of the lipid bilayer mobility
and cos(θ) of the used substrate support is displayed in Figure 4.31 B. Apparently, a decrease in
cos(θ) correlated with a decrease in lipid mobility. It is known from literature that a lubricating
water layer is formed between the substrate surface and the sLBM [11, 24]17. This common
feature is responsible for the high mobility of sLBM on hydrophilic surfaces such as silica or
mica. The origin of this layer probably arises from hydration shells around polar lipid head
groups as well as at the polar substrate surface [155]. Further experimental evidence suggested
the formation of a more oriented water layer between the support and the sLBM [156]. For
the polymer cushion systems this water layer is increasingly influenced by the non-polar alkyl
components of the polymer chains. Hence, with a decreasing ratio of polar parts to non-polar
parts of the polymer –expressed by the ratio COOH:CH2 (Figure 4.31 A)– the characteristics of
the water layer such as thickness and order are changed. These changes can result in stronger
17The thickness of such a water layer was not exactly determined up to now, but was estimated to be in a range
of 2 to 30 Å.
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interactions of the lipid head groups with the polymer chains substantially perturbing the lipid
mobility.
The varying lipid mobility of sLBM was found to be correlated with the lipid mobility de-
pendence on the hydrophilicity of the different substrates (section 4.2.3). Slow diffusion on
hydrophobic cushions correlated with a slow kinetics of bilayer formation and vice versa. Obvi-
ously, the interactions of lipids with polymer cushions already affected the system at the stage
of vesicle adsorption, spreading, and fusion. This behaviour can be explained by the fact that
lipids have to move laterally on the substrate/support during vesicle spreading and fusion.
The free lipid diffusion due to Brownian motion can be described by the mean square displace-
ment of a lipid particle 〈r2〉 = 4Dt, where D is the diffusion coefficient and t is the time. The
mean square displacement is the second moment of a Gaussian probability distribution of dis-
placements which represents a solution of the Fick’s second law of diffusion ∂C(r,t)∂t = D∇2C(r, t)
(Almeida and Vaz in [37])
C(r, t) =
1
4πDt
exp
[
− r
2
4Dt
]
(4.3)
with C(r, t) the concentration in dependence of the distance r and time t. The lipid diffusion
behaviour in sLBM was further analysed in terms of frictional coupling between the thin sLBM
and the underlying substrates which should allow for insights in the viscous properties of the
lubricating water film. The theoretical background was derived by Saffman and Delbrück [154]
based on a continuum hydrodynamic approach. The membrane is treated as a two dimensional
continuum for the movement of particles within the membrane by ignoring the finiteness of the
lipid molecular structure. The two-dimensional membrane is coupled on both sides by three-
dimensional fluids of the viscosities η1 and η2 with ηm 	 η1, η2 (ηm the membrane viscosity).
A cylindrical particle of height hP and radius RP is embedded into the lipid membrane. D
is estimated via the Einstein equation D = kBTb with kB the Boltzmann coefficient, T the
absolute temperature, and b the mobility defined as the velocity produced by a steady unit force
[154] by assuming a finite viscosity η1 of the outer liquid
DT =
kBT
4πηmhP
(
log
ηmhP
η1RP
− γ
)
(4.4)
with γ the Euler-Mascheroni constant (γ = 0.5772). Evans and Sackmann [157] modified the
Saffman-Delbrück theory [154] by considering a frictional tension σ between the fluid lipid film
and the solid surface
σ = ηl
ν
h
= bsν (4.5)
with ηl the viscosity of the proximal water layer, ν the velocity of the diffusant, h the height of
the lubricating water layer, and bs the frictional coefficient between membrane and substrate.
According to Evans and Sackmann [157] the diffusion coefficient can be expressed by a function
of a dimensionless particle radius ε,
D =
kBT
4πηm
· 1
1
4ε
2 + εJ0(ε)J1(ε)
with ε ≡ ap
√
ηw
ηmh
= ap
√
bs
ηm
(4.6)
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ap represents the van der Waals radius of the diffusant and ηm the membrane surface viscosity.
J0 and J1 are second type Bessel functions of order 0 and 1. The parameter ε describes two
limiting cases. For weak coupling between the diffusant (lipid membrane) and the substrate
surface ε  1 the Saffman-Delbrück equation (equation 4.4) can be used to describe the diffusion.
On the contrary, for strong coupling (ε 	 1) the diffusion coefficient strongly depends on the
size of the lipid diffusant and the thickness of the layer. Kühner et al. [19] considered strong
coupling between a lipid membrane and polymer surface. With this assumption equation 4.6
becomes
D =
kBTh
πηwa2p
=
kBT
πbSa2p
(4.7)
Based on these assumptions the apparent lipid frictional coefficients were calculated using equa-
tion 4.7. The results are listed in Table 4.8 assuming a temperature of T = 298 K and a lipid
headgroup radius ap ≈ 4 Å [158]. As the frictional coupling is directly correlated with the dif-
fusion coefficient, a decreased friction was found for increasing hydrophilicity of the substrate
surfaces. This suggested stronger coupling and molecular interactions on the polymer surfaces
compared to silica/mica surfaces. The calculated friction coefficients are in good agreement with
the results of the experiments of Kühner et al. [19] who observed frictional coefficients varying
from 3 × 108 to 1 × 1010 Pas m−3 when polymer supports were used.
Another important parameter can be estimated from the relationship ηl = bsh (equation 4.5).
It is impossible to exactly determine the thickness of the water layer between a sLBM and a
substrate surfaces. Nevertheless, the thickness of lubricating water films between substrates
and sLBM was earlier estimated to 2-30 Å [159, 160]. Using these rough estimations one can
contemplate to determine either the viscosity or the thickness of the water layer. In a first
approximation an average water-layer thickness of 10 Å was assumed. The viscosity ηl can be
readily derived (see Table 4.8). The obtained viscosity values exceed the bulk viscosity of water
(ηw(T = 293 K)=0.001 Pas) by at least three to four orders of magnitude. Comparable results
have been found in a study by Seu et al. [140]. This indicated that the confinement of water
between two hydrophilic surfaces strongly increases the viscosity. In earlier experiments bilayer
membrane viscosities have been determined to ηm ≈ 100 − 1000 × ηw [161, 162, 163] which are
in good agreement with the calculated viscosity values of the water layer. The layer viscosity
might be treated like an effective integral viscosity of the water layer and sLBM.
Further, the composition of sLBM was found to be a major determinant of lipid diffusion.
Work by Seu et. al. [148] revealed that both the lipid headgroup chemistry and the lipid tail
chemistry have significant effects on the diffusion behaviour. For example the addition of PE
was found responsible to excessively decrease lipid diffusion. They concluded the smaller the
lipid headgroup area is the closer the acyl chains pack in the sLBM, resulting in larger van der
Waals interactions, and a slower diffusion. The packing density of lipids changes the viscosity
of the bilayer membrane. Thus, the size of the lipid headgroup determines the inner membrane
interactions and the interactions with the substrate surface. The charge of the lipid headgroup
also influences the inner membrane structure and the interactions with the environment. Thus,
favourable or unfavourable attraction or repulsion determine the lipid mobility. The polymer and
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Table 4.8: Calculation of the frictional coefficient bs and the resulting viscosity ηl assuming a
thickness of 10 Å for the water layer between the substrate and the sLBM.
substrate D [ m2 s−1] bs [Pas m−3] ηl [Pas]
glass/mica 2±0.2 4 × 109 4
PEMA 1.1±0.2 7.4 × 109 7.4
PPMA 0.6±0.12 1.3 × 1010 13
POMA 0.26±0.1 3.1 × 1010 31
silica surfaces were negatively charged. Hence, positively charged lipids such as PE and DOTAP
were subject to electrostatic attraction between the proximal leaflet and the surface. Increasing
fractions of positively charged lipids strongly decreased lipid mobility. A subtle balance was
required to maintain a functional equilibrium of lipid mobility and attractive forces. Note that
in the presented work 20% of the natural lipid mixture consisted of eggPE which might have
substantially slowed down diffusion on the studied polymer and silica surfaces in comparison to
pure PC sLBM as widely found in literature [81, 147, 148]. A 100% DOTAP sLBM was analysed
by FRAP. A diffusion coefficient of 0.2  m2s−1 was found on a silica surface representing further
evidence for the proposed hypothesis.
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Figure 4.32: Schematic representation of lipid diffusion behaviour on maleic acid copolymer sur-
faces. The dependence of lipid diffusion on the hydrophilicity (the charge density) of
the different copolymer surfaces. The arrows indicate the magnitude of the diffusion
coefficient.
In conclusion, the diffusion of lipids in sLBM was found to depend on the physico-chemical
properties, in particular the hydrophilicity of the support. cos(θ) ≈ 1 corresponded to the fastest
observed lateral diffusion, while a gradual decrease in mobility was observed for decreasing cos(θ)
(Figure 4.31 B). For the polymer cushion systems, the gradual change of hydrophilicity was
caused by the different ratios of partially dissociated carboxylic acid groups and non-polar alkyl
components. The different diffusion coefficients of sLBM on the compared supports correlated
fairly well with the kinetics of sLBM formation. These findings pointed at a correlation of
substrate controlled bilayer mobility on the process of vesicle fusion. The proposed hypothesis
are summarised in a scheme describing the lipid mobility of sLBM on the different polymer
cushions (Figure 4.32) in dependence on cos(θ). A decrease in the cosine of the water contact
73
4 Results and Discussion
angle was found to correlate well with a decrease in lipid mobility ranging from fast diffusion
(indicated by the length of the arrow) on fully wettable PEMA surfaces to very slow diffusion
on the most hydrophobic POMA cushion (cos(θ) = −0.18). Sanii and Barikh [164] recently
published a similar study on surface-energy dependent spreading on hydrophilic and hydrophobic
substrates. Their observations strongly suggested the important role of the support’s polarity for
the lipid mobility in sLBM, which was probably related to the presence of a water layer between
support and bilayer. It is suggested, that the water layer condition was gradually disturbed
by the increasingly higher amount of non-polar alkyl groups in comparison to the partially
dissociated carboxylic acid groups in the different copolymers in the order PEMA, PPMA, and
POMA resulting in distinct molecular water structures, different water film thicknesses between
the opposing surfaces, and/or different viscosities. On the basis of the documented observations
no evidence can be given which parameter dominates the lipid diffusion. The approach resulted
in sLBM on polymer cushions which were stable and continuous on a macroscopic scale during
the time course of observation.
4.4 Electrochemical Impedance Spectroscopy - Analysis of sLBM
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Figure 4.33: (A) Impedance and (B) phase angle data vs. frequency of sLBM (DOPC:DOTAP)
in different ratios on silica surfaces. Raw data were fitted according to equivalent
circle model in Figure 4.35.
Impedance measurements were performed in order to investigate the electrical sealing properties
of sLBM of synthetic and natural lipid mixtures on silica and polymer surfaces. Impedance
measurements are extremely useful as they give an idea of the sLBM quality in terms of ho-
mogeneity and defect density. The lipid film resistance is inversely proportional to the defect
number in the sLBM, since the lipid molecules do not transfer charges themselves [165]. The
low-frequency capacitance Clow describes the degree of wetting of the polymer film and the sur-
face underneath the sLBM. High-frequency capacitance Chigh relates to the bilayer coverage (Γ)
on the polymer support, holding an inverse relationship (Chigh ∼ Γ−1) [165]. Synthetic sLBM
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of DOPC and DOTAP were examined as they own defined structural properties compared to
naturally derived lipid mixtures. Measurements on the natural mixture PC:PE:PS:chol were
accomplished to comprehensively analyse the opportunity for the integration of ion selective
membrane receptors (as shown for gramicidin A, valinomycin [21]). Substantial differences were
found for both impedance and phase angles depending on the DOPC:DOTAP ratio (Figure
4.33). Following the Bode plots no or only weak membrane resistances were measured for in-
creasing DOTAP concentrations. No characteristic shoulders were observed for the impedance
data at low frequencies which indicated low electric sealing of sLBM with 1:1 DOPC:DOTAP
and DOTAP (Figure 4.33 A). The corresponding phase angle data did further support the bad
sealing properties of the latter two lipid mixture sLBM (Figure 4.33 B). Mixtures dominated by
DOPC exhibited excellent membrane resistances and capacitances differing at least by one or
two orders of magnitude compared to DOTAP dominated sLBM (Figures 4.34 and Table 4.9).
A recent study by Purrucker et. al. [126] confirmed the obtained data.
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Figure 4.34: Summary of membrane resistance and capacitance in dependence of the DOTAP
ratio. Raw data were fitted according to equivalent circle model in Figure 4.35.
Table 4.9: Summary of membrane resistance and capacitance of synthetic and natural lipid mix-
ture sLBM on silica surfaces in dependence of the lipid ratio.
Lipids ratio |ZsLBM | [k  cm2] CsLBM [F cm−2]
DOPC:DOTAP 100:0 43 ± 5 1.8 ± 0.1
90:10 101 ± 3 1.3 ± 0.1
50:50 1.7 ± 1 9 ± 3
0:100 1.3 ± 1 12 ± 5
PC:PE:PS:chol 5:2:1:2 18 ± 3 1.6 ± 0.1
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The mixture of DOPC:DOTAP (90:10) was found to result in the best impedance behaviour
in agreement with the results of Purrucker et. al. [126]. An optimum ratio of both lipids
was required to seal the sLBM. The highest measured absolute membrane resistance averaged
0.5 ± 0.01 M . Even higher membrane resistances were observed exceeding 1 M  with a long
term stability of up to 5 days without major resistance decrease and loss in functionality18.
Such magnitudes are widely published in studies concerning the ion selectivity of membrane
pore proteins acting as ion channels [21, 47]. This shows the applicability of DOPC:DOTAP
90:10 sLBM for the incorporation of ion channel proteins. On the other hand high ratios of
DOTAP resulted in extremely unstable sLBM with a high defect density (|ZsLBM | < 2 k  cm2
and CsLBM ≈ 9 − 12 F cm−2).
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Figure 4.35: (A) Bode plot of sLBM (PC:PE:PS:chol) on silica surfaces. (B) Raw data were
fitted according to the sketched equivalent circle model.
Beside the widely used application of synthetic lipid mixtures naturally derived lipid sLBM were
investigated in terms of membrane resistance and capacitance. A mixture of PC:PE:PS:chol was
used as it consists of the most abundant natural lipids (compare Section 3.6.1) and represents
the basis sLBM for the integration of the transmembrane protein -site amyloid cleaving enzyme
as will be shown further on in Section 4.5. A typical data set is given in Figure 4.35 A along
with the corresponding equivalent circuit to model the |Z| and φ curves (Figure 4.35 B). The
fitting resulted in |ZsLBM | = 18 ± 3 k  cm2 and CsLBM ≈ 1.6 ± 0.1 F cm−2. Apparently,
natural derived sLBM showed significantly lower resistance values compared to synthetic sLBM
of DOPC:DOTAP 90:10. This result was not surprising as natural mixtures are more diverse in
composition compared to synthetic lipid products (for details compare Section 3.6.1 and 3.6.2).
18Longer exposure in buffered solutions led to dramatic decreases in sLBM resistance and capacitance. David
Küttner, unpublished results.
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Figure 4.36: Comparison of (A) impedance and (B) phase angle vs. frequency of sLBM (natural
lipid mixture PC:PE:PS:chol) on a silica and a PPMA surface.
Apparently, a mixture of DOPC:DOTAP 90:10 resulted in a maximum of electrical sealing in the
presented work. This can be explained by a favourable lipid packing density between positively
charged DOTAP and zwitterionic DOPC lipid molecules in combination with a defined C18
acyl chain length. In naturally derived lipid mixtures the diversity of positively, negatively,
zwitterionic lipid molecules, the undefined chain lengths and the addition of cholesterol did not
lead to favourable electrical dense membranes.
So far only the sealing properties of sLBM on silica surfaces were measured. The fusion of
vesicles on polymer supports did not result in electrical dense sLBM. The obtained impedance
data (Figure 4.36 A) did not expose a prominent shoulder as compared to the lipid mixture
on a silica substrate. The data on impedance and phase shifts were representative for all used
polymer cushions. Small deviations from pure silica surfaces were observed between 1-10 Hz. On
the other hand, the phase shift followed the general consensus form of sLBM. Notwithstanding
the characteristic differences in the phase shift were less substantial compared to sLBM on silica
surfaces (Figure 4.36 B). An explanation for this poor quality in electrical sealing can be found
in a work of Jenkins et al. [165] who investigated the sLBM formation on plasma deposited
maleic anhydride thin films and did not succeed membrane resistance higher than 15 k  cm2
but claimed the formation of stable sLBM. In the present work the resistance of sLBM on the
polymer cushions could not be precisely determined because of the closely related electrical
behaviour of pure silica surfaces without a deposited sLBM.
The strong deviations from the expected behaviour can be caused by polymer surface hetero-
geneities increasing the local defect density although major parts of the surface were entirely
and densely covered by a sLBM. This assumption hypothesis was supported by fluorescence and
FRAP measurements which showed a homogeneous fluorescence intensity indicating a dense
sLBM within the diffraction limit. As local defects are inversely correlated to the capacitance
of the sLBM, a local increase in ion conductance will cause a decrease in the overall resistance
of the sLBM. Keeping this in mind the advantageous properties of polymer cushions to increase
the vertical distance from a solid support were corrupted by the fact that ideal electrical sealing
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did not occur. Small sLBM defects do cause a strong decrease in membrane resistance which do
not allow measurements on ion selective protein channels at this stage. Further improvement is
necessary to increase the density of sLBM (for example from a preparation point of view, or by
using a different mixture of lipids) and to enhance the quality of the measurements by simply
downsizing the area of the driving electrode. Note that the latter might not account for the
reduction of the defect density as they can be assumed more or less homogeneously distributed.
4.5 BACE Integration and Activity
A B
Figure 4.37: Strategies to integrate BACE into sLBM: (A) preparation of proteoliposomes and
consecutive spreading on the surface. (B) Addition of BACE after sLBM formation
and subsequent softening of sLBM by detergent application and integration of BACE
by detergent displacement.
In the final section of this work the integration of the TMP  -amyloid precursor protein cleaving
enzyme (BACE) into polymer cushioned sLBM is shown as proof of principle. The polymer
sLBM served as a platform for the integration of BACE. The integration of BACE was achieved
based on either a ’direct’ and an ’indirect’ strategy (Figure 4.37). In the ’indirect procedure’
BACE was introduced by the preparation of proteoliposomes followed by the formation of sLBM
by fusion on silica and polymer substrates (Figure 4.37 A). The second approach involved the
softening of a preformed sLBM on the respective surfaces and the subsequent application of a
concentrated BACE solution with the spontaneous incorporation by detergent-protein displace-
ment (’direct’ procedure: Figure 4.37 B). BACE will spontaneously insert into detergent treated
sLBM. Both methods had advantages and these will be described in detail below.
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4.5.1 sLBM with Integrated BACE Formed from Proteoliposomes
The application of proteoliposomes was the first strategy to create sLBM with incorporated
transmembrane proteins. Prior to the formation of sLBM BACE was reconstituted in liposomes
via detergent exchange. This preparation resulted in proteoliposomes with random orientation
of BACE molecules (Figure 4.37 A).
The formation of sLBM from proteoliposomes on silica was followed by QCM-D measurements
(Figure 4.38 A). The frequency Δf∞ and dissipation ΔD∞ data revealed the characteristic
formation of a rigid sLBM as already observed in section 4.2.2. Hence, the BACE protein had
no effect on the general bilayer formation. The kinetics of sLBM formation from liposomes are
also shown for qualitative and quantitative comparison (Figure 4.38 A). The strongest difference
was measured in Δfmax and ΔDmax. While those changes were small for liposomes (Δfmax ≈
−50 Hz and ΔDmax ≈ 3 × 10−6), huge differences were found in the case of proteoliposomes
(Δfmax ≈ −140 Hz and ΔDmax ≈ 30×10−6). The deviations might originate from the molecular
weight of vesicles with integrated BACE proteins whose hydrophilic protein domains assemble
large shells of water that contribute strongly to the mass and dissipation19. These observations
were further supported by the comparison of the modelled thickness changes. A 4× higher
thickness was obtained for proteoliposomes using the Voigt model at the peak thickness (Figure
4.38 B). The formed sLBM itself did not show any thickness deviations (≈ 5 nm) from those
formed from liposomes.
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Figure 4.38: (A) QCM-D measurements of sLBM formation from liposomes (PC:PE:PS:chol)
and proteoliposomes (PC:PE:PS:chol:BACE) on a silica surface. (B) Modelled
thicknesses of sLBM by Voigt.
Fluorescence analysis of sLBM from proteoliposomes revealed randomly distributed BACE
molecules as shown in Figure 4.39. An image sequence of an exemplary sLBM from proteolipo-
somes on silica is given in Figure 4.39 A-C. Apparently, BACE was found to reside in clusters
that form during the deposition of proteoliposomes upon contact with the silica surface. On the
other hand BACE molecules could have already clustered in proteoliposomes before sLBM for-
19Deviations in the liposome diameter can also contribute to changes in frequency and dissipation, but are unlikely
to extend the dissipation by nearly one order of magnitude.
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mation. Remarkably, BACE was homogeneously distributed (homogeneous fluorescence signal)
on a PEMA polymer cushion (Figure 4.39 D-F) –apart from a few bright spots which might
represent unfused proteoliposomes. BACE on hydrophilic cushions was not found to cluster as
strongly as on silica surfaces.
A major drawback of this method is the unknown conformation and orientation of BACE in
a sLBM. Following the representations in Figure 4.37 A BACE was either deposited exposing
the active site to the surface or to the solution side. While the orientation of BACE can be
controlled during reconstitution into proteoliposomes, the predominating mechanism of fusion
of proteoliposomes upon surface contact is still unknown and may produce sLBM with either
BACE orientation. While this strategy has a clear advantage in that detergent is never present
during sLBM formation, the issue of controlling BACE orientation led us to consider the second
pathway that uses the direct detergent exchange for preparing BACE sLBM (Figure 4.37 B).
A B C
D E F
Figure 4.39: Fluorescence images of sLBM from proteoliposomes on a silica (A-C) and a polymer
surface (D-F). (A,D) lipid bilayer (PC:PE:PS:chol:Texas Red-PE), (B,E) BACE
(Alexa488 labelled) and (C,F) overlay of Texas Red-PE and BACE-Alexa488. Bar
size: 10 μm.
4.5.2 Direct Integration into sLBM from Solution
A favourable strategy to integrate membrane proteins into sLBM is the direct addition of protein-
detergent solutions on top of a preformed sLBM which was subject to detergent pretreatment.
The first detergent to be tested was Triton X-100 (TX-100) which is a commonly used non-ionic
detergent to solubilise membrane proteins [166]. A certain ratio of detergent is necessary to facil-
itate the successful incorporation of membrane proteins. Different concentrations were studied
and fluorescence measurements were applied to study the time course (t = 10 min) of detergent
integration and lipid depletion from sLBM on silica and polymer surfaces. The fluorescence in-
tensities were plotted versus the solution concentration of TX-100 (Figure 4.40 A). Furthermore
QCM-D measurements were performed with a similar aim of revealing applicable concentrations
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Figure 4.40: Concentration dependence of sLBM treatment with TX-100 on silica and polymer
substrates examined by fluorescence microscopy (A) and QCM-D (B). Concentra-
tions were studied up to the cmc of TX-100. (C) Concentration dependence test of
OG applicability and sLBM stability/integrity on silica and polymer surfaces for the
subsequent integration of transmembrane proteins.
of TX-100 to avoid total delamination of sLBM (Figure 4.40 B). The application of concentra-
tions > 0.01 mM resulted in a continuous decrease in intensity until an abrupt delamination of
the sLBM at a concentration of 0.1 mM (PEMA) and 0.2 mM (PPMA, POMA, SiO2) (Figure
4.40 A and B). The cmc of TX-100 in solution is approximately 0.2 mM (25◦C) [167] which
coincided with the total dissolution of sLBM on silica, PPMA, and POMA. Apparently sLBM
on polymer supports lacked the subtle balance of interaction forces governing the attachment of
sLBM on solid substrates in the presence of higher concentration of TX-100. It is further known
that the process of lipid bilayer solubilisation by detergent molecules proceed in certain steps:
(i) incorporation into the sLBM without affecting the stability and intactness (low surfactant
stage), (ii) detachment and disintegration of sLBM patches if the detergent concentration in
the sLBM exceeded a critical concentration (coexistence region) and (iii) delamination of the
remaining sLBM by solubilisation of lipids into mixed lipid-detergent micelles (complete solu-
bilisation) [168]. Fluorescence microscopy confirmed this process. The inadequate force balance
led to the strong disintegration of lipids on PEMA, an apparent bending of sLBM parts, and
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eventually to partial vesicle formation as demonstrated in Figure 4.41. After extensive rinsing
the sLBM formed again, but only partially due to the lack of lipid material.
t=0min t=1min t=2min t=10min
B
A
Figure 4.41: (A) Time course of TX-100 application causing sLBM delamination (bar size:
10 μm). (B) sLBM after extensive rinsing exposing defects due to lipid disinte-
gration (bar size: 30 μm).
Obviously, TX-100 concentration well below the cmc were required to soften the sLBM on
polymer supports without destabilisation (Figures 4.40 A and 4.41). The observed detergent
behaviour is time-dependent and a low TX-100 concentration accompanied by a shorter appli-
cation of detergent might decrease the risk of total sLBM delamination. However, in the view of
integration studies on BACE a stable sLBM is a prerequisite. TX-100 is a very strong non-ionic
detergent and caused strong delaminations even at low concentrations. Thus, a milder detergent
was tested for the stability of polymer sLBM. For this purpose the non-ionic detergent octylglu-
coside (OG) was chosen [169]. OG was already used in a study by Smith et al. [66] to insert the
human delta-opioid receptor into POPC sLBM on polyacrylamide brushes and proved useful for
the integration of this membrane proteins. Trépout et al. [170] accomplished the integration of
a bacteria membrane receptor in a similar approach by producing mixed lipid-OG vesicles prior
to sLBM formation and subsequent membrane protein insertion.
The application of OG clearly demonstrated that higher concentrations were required to de-
laminate sLBM (Figure 4.40 C). Stable polymer cushioned sLBM were observed up to an OG
concentration of 1 mM with delamination at higher concentrations ([OG] > 1 mM). The ten-
dency of a stronger stability of silica sLBM was confirmed for OG as already observed for TX-100
which demonstrates the generality of the finding. The cmc for OG of 25mM in solution was de-
termined by Mukerjee and co-workers [169] and these levels lead to total solubilisation of sLBM.
In summary, OG was chosen for the preconditioning of sLBM as sLBM on polymer substrates
exhibited a higher stability to OG treatments compared to TX-100 treatment.
Based on a number of studies on the integration of proteins [66, 170, 171] BACE was incor-
porated from solution in the presence of small concentrations of residual TX-100 (0.8-2.1  M)
82
4.5 BACE Integration and Activity
depending on the lipid:BACE ratio20. Those concentrations were well below the critical concen-
tration of TX-100 and did not cause huge membrane disturbances on sLBM (compare Figure
4.40). Prior to the adsorption of BACE solution the sLBM was treated with OG detergent
solution at a concentration of 0.5 mM for 5 min to achieve a stage of lipid-detergent coexistence
below the critical OG concentration [168].
0min 1min 2min 5min 10minA
B
C
Figure 4.42: Time course of BACE integration into a sLBM on a silica surface at a BACE
solution concentration of 2.5 μg mL−1: (A) lipid bilayer (Rho-PE), (B) BACE
Alexa-488, and (C) overlay of Rho-PE and BACE Alexa 488 (bar size: 10 μm).
Fluorescence microscopy was used to study the in situ integration of BACE into sLBM on the
different substrate surfaces. One example is given in Figure 4.42 demonstrating the insertion of
BACE after OG application in 3 steps: (i) adsorption of BACE from the bulk onto the distal
lipid leaflet (t < 1 min), (ii) insertion of single BACE molecules (t ≈ 1 − 2 min), and (iii) the
subsequent adsorption and formation of BACE clusters due to the inhibition of lateral mobility
on a silica sLBM (t > 2 min). The same measurements were examined for the integration of
BACE from solution on polymer cushions. The integration of BACE caused a decrease in lipid
fluorescence and a monotonous increase of BACE fluorescence until a saturation was reached at
approximately 4-5 min as shown for BACE 0.33  g mL−1 in Figure 4.43. No further uptake was
observed after 10 min. The data clearly demonstrated that BACE was integrated into sLBM by
this direct method.
Concentrations of 0.33, 0.66, and 1.25  g mL−1 were studied to achieve BACE to lipid ratios
of 1:1,000, 1:500, and 1:250, respectively21. A conclusive summary of the fluorescence results of
BACE integration is given in Figure 4.44 with respect to the underlying substrate surface. The
displayed fluorescence intensities were normalised in order to compare values, where photomulti-
plier voltage differed. In the order SiO2, POMA, PPMA, and PEMA an increase in the absolute
20BACE was extracted from cells by TX-100. BACE stock solution had a concentration of 0.77 mM and was
found active even at higher TX-100 concentrations.
21The concentrations were estimated to result in the proposed BACE:lipid ratios by the assumptions of closed
lipid packing in a sLBM and 80% BACE integration into a sLBM.
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Figure 4.43: Fluorescence intensity vs. time of (A) lipid and (B) BACE for the integration
of BACE into sLBM at a BACE concentration of 0.33 μg mL−1 on the polymer
cushions.
incorporated BACE amount was observed. This tendency was astonishingly consistent with the
stability of sLBM on the polymer cushions. Moreover, a linear increase in incorporation with
respect to the amount of BACE was detected only for PEMA surfaces. Only minor increases in
BACE concentration were noted on the other surfaces. The polymer cushions –foremost PEMA–
provided a better environment than SiO2 for the integration of BACE at all concentrations.
4.5.3 Amino Acid Analysis of BACE Integration
A complementary approach to fluorescence microscopy, amino acid HPLC analysis was used to
quantify the integration of BACE into sLBM. Such an approach was already used to determine
the amount of displaced proteins during competitive protein adsorption [172]. The method is
based on the acidic hydrolysis of peptides as developed and described by Salchert and co-workers
[173]. Briefly, after acidic vapour phase hydrolysis, amino acids were fluorescently labelled, sep-
arated on a HPLC system, and quantified by fluorescence. The levels of BACE were determined
using a numerical analysis of a linear equation system, by means of least-squares fit, utilising
the known amino acid sequence of BACE taken from the work of Vasser et al. [97]. To correlate
the fluorescence intensities, BACE was adsorbed on POMA surfaces with increasing amounts of
fluorescently labelled BACE (cLSM) and unlabelled BACE (HPLC). The results on POMA are
summarised in Figure 4.45 A. A similar trend of almost constant surface coverage was observed
for both measurement techniques. Only minor increases in surface coverage were observed. This
allowed the calculation of a calibration factor to convert the fluorescence intensity values to
BACE concentrations. Accordingly, the calculated surface concentrations were consistent with
the observed fluorescence intensities (compare Figure 4.45 B and Table 4.10).
One can now determine the BACE:lipid ratio with the knowledge of the surface concentrations
considering the calibration points of the pure adsorbed BACE coverage. The dimensions of
BACE were estimated from available crystal structures. Assuming a side-on position of adsorbed
BACE the dimensions are approximately y = 6.3 nm and x = 4.25 nm. The end-on position can
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Figure 4.44: Comparison between the absolute amounts of BACE in sLBM on silica and polymer
substrates. BACE adsorption on POMA was analysed in absence of a sLBM.
be assumed to be governed by the protein diameter d ≡ x = 4.25 nm. BACE will preferentially
adsorb in a side-on position on a pure POMA surface. On the contrary, BACE will be inserted
into a sLBM oriented in the end-on position as it penetrates the membrane with its smaller
intracellular domain. Thus, from these data one can estimate lipid:BACE ratios as summarised
in Table 4.11.22
Table 4.10: BACE surface concentrations as detected by HPLC for BACE on POMA, and the
converted concentrations derived from fluorescence data.
BACE surface concentration [ g cm−2]
solution conc. POMA SiO2 POMA PPMA PEMA
0.33  g mL−1 0.176±0.029 0.025±0.009 0.025±0.005 0.046±0.0009 0.049±0.012
0.66  g mL−1 0.157±0.024 0.021±0.003 0.021±0.004 0.036±0.01 0.059±0.016
1.25  g mL−1 0.233±0.104 0.037±0.004 0.054±0.027 0.072±0.015 0.158±0.044
4.5.4 BACE Mobility Measurements
One of the rationales for integrating TMP into sLBM on polymer cushions is the ability to
prevent precipitation and to enhance lateral mobility of TMP. FRAP studies were used to
examine the diffusion behaviour of TMP. No recovery kinetics were observed for BACE on silica
22The protein dimensions were estimated from crystallographic data at the Brookhaven Protein Data Bank:
http://www.rcsb.org. A tight lipid packing was assumed with a specific lipid headgroup area of 70 Å2 [81].
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Figure 4.45: (A) Correlation between fluorescence intensity and surface concentration of BACE
on POMA. (B) Estimation of surface coverage from HPLC and fluorescence mea-
surements.
Table 4.11: BACE to lipid ratios calculated based on the HPLC data from Table 4.10.
BACE:lipid surface ratio
solution conc. theor. ratio SiO2 POMA PPMA PEMA
0.33  g mL−1 1:1,000 1:850 1:850 1:500 1:430
0.66  g mL−1 1:500 1:1,000 1:1,000 1:590 1:360
1.25  g mL−1 1:250 1:570 1:390 1:290 1:150
sLBM and this was likely due to the transmembrane domains sticking onto the bare silica surface.
This precipitation would prevent lateral mobility. On the other hand BACE appeared mobile
on the polymer cushions as demonstrated in Figure 4.46 and Table 4.12. Significant differences
in the diffusion coefficient were found between PEMA and PPMA/POMA with an enhanced
diffusivity by a factor of two on PEMA.
However, the lateral diffusion was about one order of magnitude less than the lateral mobility
of the surrounding lipid species on all studied polymer cushions (for comparison see Table 4.7).
Moreover, the lateral mobility was characterised by lower mobile fractions. This implies in
accordance to the widely accepted view of protein motion in sLBM that at least 30-40% of the
protein species were strongly bound and immobile. Being aware of the big standard deviations
of the measurements (Figure 4.46 B) even 50% and more might have been immobilised. These
strong variations might suggest that a heterogeneous polymer cushion layer could lead to a
partly higher mobile or otherwise strongly coupled BACE molecules.
In this context it is interesting to derive theoretical diffusion coefficients of single BACE
molecules to shed light on the experimental data for a better understanding of the ensemble
behaviour. The translational diffusion of a particle in an unrestricted environment can be de-
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Figure 4.46: Box plots of (A) diffusion coefficients and (B) mobile fractions for BACE molecules
in polymer sLBM obtained by fitting FRAP recovery curves. Differences between
data points with asterisks are statistically significant (∗∗ P < 0.005, ∗∗∗ P < 0.001;
unpaired t-test, two-tailed).
scribed by the Stokes-Einstein equation which can be applied to estimate the diffusion coefficient
[154] as already introduced in section 4.3.2:
D =
kBT
6πηmRP
(4.8)
with D the diffusion coefficient, kB the Boltzmann constant, ηm the bilayer viscosity and RP
the hydrodynamic radius of the diffusant. Equation 4.8 can only be applied for freely diffusing
particles. The diffusion behaviour of BACE in sLBM was found to exhibit a slower diffusion, by
one order of magnitude, and a lower mobile fraction compared to the diffusion of lipid molecules
(Figure 4.46 and Table 4.12). These deviations could be attributed to interactions occurring in
membranes, such as the aggregation of BACE molecules leading to slower diffusion, tilting trans-
membrane parts, or other obstacles preventing the protein from unrestricted Brownian motion
for example the contact with the substrate increasing coupling and friction. The theoretical dif-
fusion coefficient of the membrane protein could be estimated by the Saffman-Delbrück equation
for finite viscosity of the outer liquid [154] (section 4.3.2, equation 4.4). The bilayer membrane
is considered as the viscous solvent (assuming ηm ≈ ηl according to Table 4.8). This can be
accomplished as the coupling between the support and the sLBM is considered to be strong.
Hence, the viscosity of the proximal and distal lipid leaflet will then correspond to the viscosity
of the lubricant layer [157]. The model parameters are schematically drawn in Figure 4.47.
Based on the latter assumptions –in particular η  ηl– the theoretical diffusion coefficients
were calculated depending on the substrate surface (Table 4.12)23. The diffusion behaviour of
BACE in sLBM was found 2-5 times faster than expected from theoretical estimations. Note
that theoretical diffusion coefficients can be calculated even for silica surfaces although no lateral
23kB = 1.38× 10−23 J K−1, h = 5 nm, T = 298 K, RP = 1.3 nm radius of the transmembrane domain (estimated
from the BACE crystal structure on http://www.rcsb.org/pdb/home/home.do).
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Table 4.12: Summary of diffusion coefficients and mobile fractions as determined by FRAP for
BACE in sLBM on silica and polymer substrates. The theoretical diffusion coeffi-
cients were calculated by equation 4.4.
diffusion coefficient mobile fraction theor. diffusion coefficient
substrate FRAP [ m2s−1] [%] [ m2s−1]
Glas 0 0 0.059
PEMA 0.11±0.024 79±19 0.034
PPMA 0.04±0.026 60±12 0.021
POMA 0.055±0.039 70±13 0.009
y
x
Rh
h
h
z
Figure 4.47: Hydrodynamic model of a transmembrane protein in a sLBM, adapted from ref.
[154].
mobility occurred experimentally. Obviously, the Saffman-Delbrück theory cannot fully account
for the transport phenomena of TMP in sLBM. The explanation for silica sLBM is trivial as
the additional strong intermolecular interaction of the cytoplasmic BACE domain to the silica
support lead to a strong binding and sticking of BACE to the substrate. In the case of poly-
mer cushioned sLBM several influences on the BACE mobility have to be considered to discuss
the differences in the measured and calculated diffusion coefficients. Possible mechanisms influ-
encing the diffusion are demixing/phase separation phenomena leading to clustering of BACE
in small lipid nanodomains rich in cholesterol [41] increasing the lubrication of BACE, lipid
bilayer changes caused by the detergent assisted BACE integration, the cytoplasmic domain in-
teracting with the polymer cushion or the multimerisation of BACE. The overall slower diffusion
–compared to lipid diffusion– of a protein molecule is a consequence of the size and orientation of
its extracellular domains which can interact and lead to strong intermolecular interactions (such
as clustering due to hydrogen bonding or hydrophobic matching between protein domains).
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4.5.5 BACE Activity Measurements
Apart from the enhanced lateral mobility of the incorporated enzyme, species polymer cushioned
sLBM should maintain or even enhance the activity of the incorporated TMP in contrast to the
immobilisation in silica sLBM. After the successful integration of various BACE:lipid ratios, the
activity of the integrated BACE species was examined. To control for non-specific effects of the
surfaces exposed to BACE, the bulk activity of BACE in solution was studied over the various
polymer cushions. No substantial differences were observed for the absolute activities per time
of the respective BACE solution concentrations, as shown in Figure 4.48. The bulk activities
were further used as the reference to compare free enzyme activities to sLBM bound BACE
activity.
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Figure 4.48: BACE activity measurements from BACE in bulk on the respective surfaces SiO2,
POMA, PPMA, and PEMA. BACE concentrations were 0.33, 0.66, 1.25, and
2.5 μg mL−1.
Based on the results for the integration of BACE molecules (section 4.5.2 and 4.5.3) activity
assays were examined on sLBM with incorporated BACE. The concentration was kept constant
in solution and it was presumed, that BACE molecules were inserted into the sLBM via detergent
pretreatment as determined by HPLC measurements (compare section 4.5.3). It could be clearly
demonstrated, that the activity of BACE in sLBM was reduced compared to the free enzyme’s
activity in solution (Figure 4.49 A and B). The graphs show the absolute activity normalised to
the free enzyme activity (in relative terms). The general outcome of the measurements suggested
that the higher the surface concentration the stronger the deviations from the free enzyme
activity. This behaviour was expected as the number of BACE molecules in solution exceeded
the number of inserted BACE molecules capable of substrate cleavage by at least 2 orders of
magnitude. Normalised BACE activity decreased in the order PEMA>PPMA>POMA>SiO2
with the lowest activity on silica surface for all surface concentrations.
The results were further plotted in terms of absolute activities reflecting the slope of the
substrate cleavage (fluorescence intensity) versus time df/dt (Figures 4.49 C and D). These
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Figure 4.49: BACE activity measurements on PEMA, PPMA, POMA and SiO2 surfaces with
mixtures of PC:PE:PS (60:20:20) and PC:PE:PS:chol (50:20:10:20) at different
BACE concentration corresponding to BACE:lipid ratio 1:100, 1:250, 1:500 and
1:1,000 (2.5, 1.25, 0.66 and 0.33 μg mL−1, respectively). (A,B) Direct compari-
son between the different surfaces normalised to the bulk activity (control) for each
concentration and (C,D) comparison of absolute activity (fluorescence per time step
(df/dt)) between the different surfaces.
data represent a direct comparison between the different surfaces as the differences in the free
enzyme activity were eliminated. The observed trends were similar to those on relative activities.
PEMA sLBM always showed the highest enzyme activity. Followed by PPMA sLBM which had
comparable activities to POMA sLBM at low surface concentrations. A small increase in activity
was further detected for silica sLBM with increasing surface concentrations. The higher activities
on the polymer supports might be related to the functional effect of the polymer surfaces taking
up higher amounts of BACE and preventing clustering as well as the higher degree of free lateral
mobility of the integrated BACE species (compare section 4.5.4).
The conversion from the totally observed activity into single enzyme activity enabled a fair and
more sophisticated comparison between the different substrates. For this purpose the amount
of converted substrate FS-1 was estimated from the saturation assuming complete conversion
within 60 min of assaying. About 50% of the substrate were cleaved within the first 10 min. The
specific activity of BACE enzymes was calculated according to the specific conversion rate and
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the total mass of integrated BACE molecules (as determined in section 4.5.3) in dependence of
the substrate surface. The results are given in Figure 4.50.24 Clearly, the hydrophilic cushions
have a beneficial effect on the specific activity of BACE. BACE integrated in sLBM on a polymer
cushion converted 1.5 − 2.5× more FS-1 substrate per minute than BACE in a silica sLBM.
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Figure 4.50: Specific activity calculated from the cleavage of the substrate FS-1 per BACE
molecule in respect to the integrated BACE amount from HPLC data.
It was previously described in the study of Kalvodova et al. [130] in SUV and GUV, that the
presence of cholesterol enhanced and promoted the activity of BACE. However, the question
of whether the presence of cholesterol in the lipid composition led to substantial differences
could not be consistently answered as the results of this work on polymer sLBM did not follow
unambiguous trends (compare results for PC:PE:PS±chol in Figures 4.49 C and D). No sub-
stantial differences were observed which support the hypothesis of BACE cleavage enhancement
by cholesterol.
4.5.6 Discussion
In the last section of this work the results on the integration of BACE into sLBM were presented.
Two possible pathways were introduced to integrate TMP in sLBM on planar surfaces, namely
by preformed proteoliposomes or by detergent treatment of preformed sLBM. Experimental
observations concerning the BACE uptake in terms of orientation and availability favoured the
application of the detergent treatment method. To compare the impact of integration in different
situations the activity was examined for BACE in sLBM integrated either by detergent treatment
and from proteoliposomes (equivalent BACE concentration). The activity measurements can
assess the characteristics of the cleavage event and the orientation of BACE in the sLBM (Figure
24Specific enzyme activity is given by the enzyme activity per mg total protein [ mol min−1 mg−1]. Enzyme
activity can be described in terms of converted substrate per time unit.
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4.51).25 When BACE was integrated into sLBM by detergent treatment of sLBM, it is likely
that BACE was inserted with the correct orientation of the enzymatically active protein part
–the APP cleaving domain– on the solution side. In proteoliposomes the probability existed
that BACE is oriented with the ectodomain presented towards the medium or the inside of
the proteoliposome. Depending on the orientation of the BACE molecules in proteoliposomes
in solution, BACE molecules could either face the surface or the solution side after membrane
fusion on a substrate (the proximal or distal space). BACE molecules with the active site facing
the cushion could not cleave the FS-1 substrate and this would explain the lower overall activity
of sLBM generated by proteoliposomes. Accordingly, treatment of preformed sLBM is a superior
method for BACE integration compared to proteoliposomes.
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Figure 4.51: Comparison between normalised activities (to bulk activity) of integrated BACE in
sLBM (by detergent treatment) on different substrates and proteoliposomes.
However, attention has to be paid concerning the adequacy of the applied detergent with regard
to the specific sLBM-surface interactions. It was observed that the commonly used TX-100 led
to strong delaminations which were suppressed by the change to OG. Careful adjustment of the
detergent concentration is particularly important as concentrations above the critical concentra-
tion or cmc can have major consequences. The removal and displacement of lipid molecules from
the distal or proximal leaflet can lead to flip-flop transport of lipids from the proximal leaflet
and thus decreasing the sLBM stability on the substrates [168]. The subsequent integration of
BACE from solution resulted in a stronger BACE uptake in sLBM on polymer cushions in the
order PEMA>PPMA>POMA>SiO2. A combination of fluorescence microscopy and comple-
mentary amino acid analysis supported these results and revealed deviations from the expected
BACE:lipid ratios. The obtained results strongly correlated with the sLBM stability towards
detergent treatment. These observations showed the dependence of sLBM destabilisation on
the physico-chemical properties of the surface and suggested that the intermolecular forces be-
25sLBM were produced by liposome and proteoliposome fusion, the BACE concentration was adjusted to maintain
constant concentrations of integrated BACE in all studied samples.
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tween polymer and lipid bilayer were less balanced than on silica substrates. One might suspect
that polymer sLBM after BACE integration were not stable. This was not the case as FRAP
experiments revealed the integrity of the polymer sLBM even after BACE integration.
Activity studies on the sLBM were consistent with the amount of integrated BACE on the
respective surfaces. Following the trend of the incorporated amount PEMA sLBM had the
highest activity with PPMA>POMA>SiO2. Normalising the obtained activity data to the
total integrated protein mass confirmed the unambiguous result that the BACE activity is
effectively enhanced due to the integration into polymer cushioned sLBM (Figure 4.51). This
comparison allowed the hypothesis that not all integrated BACE molecules are available for
substrate cleavage if proteoliposomes were fused to form sLBM. Even more if the same amount
of integrated BACE is assumed for all sLBM (detergent treatment and proteoliposome fusion)
the activity measurements can be applied as a fusion assay to estimate the orientation of the
integrated protein species.
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Figure 4.52: Comparison between BACE mobility in silica (SiO2) and polymer cushioned sLBM
(hydrophobic POMA and hydrophilic PEMA).
Furthermore, as already shown earlier (Figure 4.39) the clustering of BACE was strongly reduced
on polymer cushions. Clustering of proteins in sLBM can be attributed to precipitation of extra-
cellular domains upon contact with substrate surfaces and restricted lateral mobility disabling
free diffusion (as sketched for a silica sLBM in Figure 4.52). The polymer cushions employed
permitted the integration of active and mobile BACE (as sketched for polymer cushione in Figure
4.52). FRAP studies revealed an average recovery of 60% and more on all cushion sLBM. The
diffusion coefficients measured were one order of magnitude slower than the surrounding lipid
species. One has to take into account that the diffusion of a protein is more complicated than
lipid diffusion because it can be influenced by numerous factors such as rotational movements,
aggregation due to increasing intermolecular forces, or frictional coupling.
However, the diffusion behaviour once more reflected the influence on the physico-chemical
surface parameters. Differences for the applied polymer systems might be attributed to an
increase in frictional coupling and a decrease in the water layer/lubricant thickness. Hence
an increase in the immobile fraction can be directly correlated to a stronger coupling of the
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cytoplasmic domain of BACE on the polymer surface. A similar membrane protein diffusion
behaviour was found in the study of Purrucker et al. [89] who examined the lateral mobility
of integrin cell membrane receptors in polymer tethered sLBM that had a similar diffusion
coefficients as found for BACE. Nonetheless, they only observed mobile fractions of about 20%.
The low mobility was attributed to increasing frictional coupling depending on the lipopolymer
tether concentration. However in this work they fused proteoliposomes to reconstitute the distal
lipid bilayer leaflet. Thus the orientation of the integrins is unknown, and could greatly influence
the mobility.
Finally, it is a widely accepted –although controversial– hypothesis that the level of brain
cholesterol determines the cerebral degradation of amyloid precursor proteins [174]. Hence,
cholesterol is thought responsible for the accumulation of BACE in cell membranes. Cholesterol
is part of the typical raft composition (DOPC:SM:chol). In cell biology there is still a contro-
versial discussion, whether or not lipid domains (’rafts’) are formed [39], which sizes they reach
[65], whether they are functional units only occurring during an event of signalling in membranes
[42], or long lasting domains as shown in numerous biophysical approaches with synthetic lipids
[152, 171]. It has already been shown, that an increase in BACE activity was achieved by im-
plementing cholesterol into SUV in a study of Kalvodova et al. [130]. The beneficial effect of
cholesterol could not be unambiguously observed in the current work. Apparently no or only
minor activity increases were determined for the natural lipid composition by the addition of
cholesterol. To conclude, the polymer cushions presented in this study meet the criteria for
activity- and mobility-enhancing substrate surfaces to successfully incorporate transmembrane
proteins.
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Within this work a pH-responsive polymer cushion platform was applied for the support of lipid
bilayer membranes and the functional integration of transmembrane proteins.
At first the swelling behaviour of the copolymer cushion platform –i.e. maleic acid copolymers–
was systematically analysed in dependence on pH and ionic strength. It was found that hy-
drophilic polymer cushions (PEMA, PPMA) exhibited a strong and fast swelling kinetics accel-
erated by the conversion of maleic anhydride to maleic acid groups. A low grafting density of the
polymer chains was concluded according to scaling laws for free polymer chains. On the other
hand no extensive swelling was observed for the hydrophobic polymer cushion POMA. Upon
changing solution’s pH from neutral to weakly acidic pH (7.4 → 3) the thickness of the polymer
cushions decreased caused by structural changes due to the dissociation behaviour of the maleic
acid groups (change in electrostatic repulsion). By the application of scaling laws [135, 136] the
thickness changes could be attributed to a change from good (pH 7.4) to bad (pH 3) solvent
conditions of the polymer chains due to the change in ionisation state.
In the second part, sLBM were successfully formed on the polymer cushions at conditions of
low charge density of the maleic acid copolymers. The polymer cushioned sLBM were found to
maintain their structural, thermodynamical, and dynamic properties upon changing pH. The
careful adjustment of the physico-chemical characteristics of the type of polymer cushions en-
abled to tune the bilayer properties. By the choice of the copolymer the degree of hydrophilicity
and swelling of the anionic polymer cushions was found to determine both the kinetics of the
membrane formation and the mobility of the lipid bilayer with lipid diffusion coefficients in the
range from 0.26 to 2.6  m2s−1. An increase in cushion hydrophilicity correlated with a strong
increase in the diffusion coefficient of the lipids and the same trend was found for a faster forma-
tion of lipid bilayer membranes. Hence, the choice of the comonomer determines the coupling
of the sLBM to the polymer cushion.
Thus, the use of different polymer films can be considered to mimic distinct intra- and extra-
cellular coupling modes of cell membranes. The weaker frictional coupling of sLBM on PEMA
and PPMA cushions is suggested as a platform for weakly anchored sLBM. POMA showed
increased friction to the sLBM which might be an example for strongly anchored membranes.
The observations strongly support the important role of the support’s polarity for the fluidity
of the sLBM, which can be related to the common idea of the presence of a water layer between
support and bilayer.
The  -site amyloid precursor protein cleaving enzyme (BACE) was chosen as an exemplary
transmembrane protein to proof the applicability of polymer cushioned sLBM to home trans-
membrane proteins and to retain their functionality [2, 11]. Two strategies were approved to
create sLBM with integrated transmembrane proteins: fusion of proteoliposomes and detergent
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5 Conclusions
treatment. The latter was identified to produce sLBM with the precise orientation of BACE for
the cleavage of the substrate. It was shown, that BACE was successfully integrated into poly-
mer cushioned as well as in silica sLBM. Far more interesting the presented polymer cushions
improved the homogeneous distribution and mobility of BACE compared to silica sLBM. The
distribution of BACE on the various substrate surfaces could be directly correlated to the protein
mobility. BACE on silica sLBM was not observed to diffuse. On the contrary, BACE in poly-
mer cushioned sLBM exhibited lateral mobility with a diffusion coefficient of up to 0.11  m2s−1
and a mobile fraction >50%. The disability of BACE diffusion in silica sLBM is assumed to
originate from the contact of the BACE intracellular domain with the substrate surface and
the subsequent precipitation which was effectively prevented by cushioning the sLBM with a
polymer substrate.
Finally, the activity of BACE was analysed for integrated BACE in sLBM. By the combination
of two complementary analytical techniques (fluorescence microscopy and amino acid HPLC
analysis) the amount of integrated BACE was determined which was used to normalise the
activity data. Remarkably, the polymer cushions did not only enhance the mobility but were
also found to increase the activity of BACE by a factor of 1.5−2.5 in comparison to silica sLBM.
The activity of BACE was further analysed in dependence of the lipid bilayer mixture in the
absence and presence of cholesterol. An accepted working hypothesis suggests that the activity
of BACE is promoted by the presence of cholesterol [175], but the obtained data in this work
did not provide unambiguous data to support this hypothesis.
From the obtained results it is obvious that even small cytoplasmic domains of transmembrane
proteins might not be preserved upon the integration in silica sLBM. The observed beneficial
effects of the utilised polymer cushions on the mobility and activity of transmembrane proteins
motivate further studies to clarify the general applicability of the polymer platform. Altogether,
this polymer platform provides valuable options to form sLBM with varying characteristics to
reconstitute transmembrane proteins for a wide range of possible future applications in biology.
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[47] Ingo Köper. Insulating tethered bilayer lipid membranes to study membrane proteins.
Molecular BioSystems, 3:651–657, 2007.
[48] C.A. Keller and B. Kasemo. Surface specific kinetics of lipid vesicle adsorption measured
with a quartz crystal microbalance. Biophys J, 75:1397–1402, 1998.
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[55] C. A. Keller, K. Glasmästar, V. P. Zhdanov, and B. Kasemo. Formation of supported
membranes from vesicles. Phys Rev Lett, 84:5443–5446, 2000.
110
Bibliography
[56] Paul S. Cremer and Steven G. Boxer. Formation and spreading of lipid bilayers on planar
glass supports. J Phys Chem B, 103:2554–2559, 1999.
[57] R.P. Richter and A. Brisson. Qcm-d on mica for parallel qcm-d and afm studies. Langmuir,
20:4609–4613, 2004.
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[170] Sylvain Trépout, Stéphane Mornet, Houssain Benabdelhak, Arnaud Ducruix, Alain R
Brisson, and Olivier Lambert. Membrane protein selectively oriented on solid support and
reconstituted into a lipid membrane. Langmuir, 23(5):2647–2654, Feb 2007.
[171] A. Choucair, M. Chakrapani, B. Chakravarthy, J. Katsaras, and L. J. Johnston. Pref-
erential accumulation of abeta(1-42) on gel phase domains of lipid bilayers: an afm and
fluorescence study. Biochim Biophys Acta, 1768(1):146–154, Jan 2007.
[172] Lars Renner, Tilo Pompe, Katrin Salchert, and Carsten Werner. Dynamic alterations of
fibronectin layers on copolymer substrates with graded physicochemical characteristics.
Langmuir, 20(7):2928–2933, Mar 2004.
[173] Katrin Salchert, Tilo Pompe, Claudia Sperling, and Carsten Werner. Quantitative analysis
of immobilized proteins and protein mixtures by amino acid analysis. J Chromatogr A,
1005(1-2):113–122, Jul 2003.
[174] Jose Abad-Rodriguez, Maria Dolores Ledesma, Katleen Craessaerts, Simona Perga, Miguel
Medina, Andre Delacourte, Colin Dingwall, Bart De Strooper, and Carlos G. Dotti. Neu-
ronal membrane cholesterol loss enhances amyloid peptide generation. J Cell Biol, 167:953–
960, 2004.
[175] E. H. Corder, A. M. Saunders, W. J. Strittmatter, D. E. Schmechel, P. C. Gaskell, G. W.
Small, A. D. Roses, J. L. Haines, and M. A. Pericak-Vance. Gene dose of apolipopro-
tein e type 4 allele and the risk of alzheimer’s disease in late onset families. Science,
261(5123):921–923, Aug 1993.
119
Bibliography
120
List of Publications
Publications in Peer–Reviewed Journals
1. R. Zimmermann, D. Küttner, L. Renner, M. Kaufmann, J. Zitzmann, M. Müller
and C. Werner. Charging and structure of zwitterionic supported bilayer lipid mem-
branes studied by streaming current measurements, fluorescence microscopy, and
ATR-FTIR spectroscopy. Biointerphases. 2009, 4, 1–6.
2. L. Renner, T. Pompe, and C. Werner. Electrostatic stretching of grafted maleic
acid copolymer chains. EXPRESS POLYMER LETTERS. 2009, 3, 33–38.
3. L. Renner, T. Osaki, S. Chiantia, P. Schwille, T. Pompe, and C. Werner. Supported
Lipid Bilayers on Spacious and pH Responsive Polymer Cushions with Varied Hy-
drophilicity. Journal of Physical Chemistry, Part B. 2008, 112, 6373–6378.
4. T. Osaki, L. Renner, M. Herklotz, C. Werner. Hydrophobic and electrostatic
interactions in the adsorption of fibronectin at maleic acid copolymer films. Journal
of Physical Chemistry, Part B. 2006, 110, 12119–12124.
5. T. Pompe, L. Renner, M. Grimmer, N. Herold, C. Werner. Functional Films
of Maleic Anhydride Copolymers under Physiological Conditions. Macromolecular
Bioscience. 2005, 5, 890–895.
6. L. Renner, B. Jorgensen , K. Salchert, C. Werner, T. Pompe. Fibronectin Dis-
placement at Polymer Surfaces. Langmuir. 2005, 21, 4571–4577.
7. T. Pompe, L. Renner, C. Werner. Nanoscale Features of Fibronectin Fibrillogenesis
Depend on Protein-Substrate Interaction and Cytoskeleton Structure. Biophysical
Journal. 2005, 88, 527–534.
8. L. Renner, T. Pompe, K. Salchert, C. Werner. Control of fibronectin displacement
on polymer substrates to influence endothelial cell behaviour. Journal of Materials
Science: Materials in Medicine. 2004, 15, 385–388.
9. L. Renner, T. Pompe, K. Salchert, C. Werner. Dynamic Alterations of Fibronectin
Layers on Copolymer Substrates with Graded Physiochemical Characteristics. Lang-
muir. 2004, 20, 2928–2933.
121
Bibliography
Book Chapters
1. T. Pompe, L. Renner, C. Werner. Fibronectin at Polymer Surfaces with Graduated
Characteristics in ’Proteins at Solid-liquid Interfaces’. Springer Berlin Heidelberg.
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